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To Keiko 




Editorial: Advances in Photosynthesis and Respiration 



I grew up in the world of photosynthesis. My studies in the field began in 1953, when I was a Master’s 
of Science student in Shri Ranjan’s class at Allahabad University, India. Ranjan had not only worked in 
the laboratory of F. F. Blackman, which is known for the law of limiting reactions in photosynthesis, but 
had also done research in respiration. At that time, I read Volume I (published in 1945) and the first part 
ofVolume II (published in 1951) of Eugene Rabinowitch’s masterpiece. Photosynthesis andRelated 
Processes. It was only after 1957, when I came to the University of Illinois at Urbana-Champaign to 
work with Robert Emerson, that I read the rest of the masterpiece - Volume II, part 2 (1956). This book 
(2088 pages long) made a tremendous impact on the research of many. Today, it would be impossible for 
one author to write a comparable, in-depth book covering all aspects of photosynthesis -the subject has 
grown too complex. Between 1990 and 2000, according to Current Contents, 11,576 papers were pub- 
lished on photosynthesis. Of those, 3,796 were on photosystem II; 1,059 on photosystem I, 2,044 on 
chlorophyll a fluorescence, 1,270 on ATP synthase; 1,435 on oxygen evolution, and 1,050 on RIBISCO. 
Further, a search on the Internet through < http://www.google.com > turned up 106,000 on photosynthe- 
sis, 8,190 hits on photosystem II, 8,290 hits on chlorophyll fluorescence, 17,400 hits on ATP synthase, 
and 5,550 on RUBISCO. Wow! 

In the early 1990s, I initiated the series “Advances in Photosynthesis” with Kluwer Academic Pub- 
lishers. My earlier experience in writing and editing books ( “Photosynthesis” with E. Rabinowitch, John 
Wiley & Sons, 1969; “Bioenergetics of Photosynthesis 1975; “Photosynthesis,” Vols. I and II, 1982; 
and “Light Emission by Plants and Bacteria,” co-edited with Jan Amesz and Dave Eork, 1986; Aca- 
demic Press) was of great help in this new endeavor. An earlier series entitled “Topics in Photosynthe- 
sis,” edited by J. Barber (Elsevier, the Netherlands), 1976 to early 1990s, had already pioneered the 
practice of multi-authored books in photosynthesis. Although “Advances in Photosynthesis” was launched 
before this earlier series had ended, both series proved valuable in this rapidly expanding field. 

With the help of Larry Orr at Arizona State University, Tempe, and the assistance of Ad Plaizier, 
Gilles Jonker, Natasha Bonnevalle, Jacco Elipsen, and Gloria Verhey at Kluwer Academic Publishers, 
we have published the following nine books in the “Advances in Photosynthesis” series. 

(1) Molecular Biology of Cyanobacteria (D. A. Bryant, editor, 1994); 

(2) Anoxygenic Photosynthetic Bacteria (R. E. Blankenship, M. T. Madigan and C. E. Bauer, editors, 
1995); 

(3) Biophysical Techniques in Photosynthesis (J. Amesz and A. J. Hoff, editors, 1996); 

(4) Oxygenic Photosynthesis: The Light Reactions (D. R. OrtandC. E. Yocum, editors, 1996); 

(5) Photosynthesis and the Environment (N. R. Baker, editor, 1996); 

(6) Lipids in Photosynthesis: Structure, Eunction and Genetics (P.-A. Siegenthaler and N. Murata, edi- 
tors, 1998); 

(7) The Molecular Biology of Chloroplasts and Mitochondria in Chlamydomonas (J-D. Rochaix, M. 
Goldschmidt-Clermont and Sabeeha Merchant, editors, 1998); 

(8) The Photochemistry of Carotenoids (H. A. Prank, A. J. Young, G. Britton and R. J. Cogdell, editors, 
1999); and 

(9) Photosynthesis: Physiology and Metabolism (R. C. Leegood, T. D. Sharkey and Susanne 
von Caemmerer, editors, 2000). 
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See < http://www.wkap.nl/series.html/AIPH > for further information and to order these books. Please 
note that members of the International Society of Photosynthesis Research, ISPR (< http://www. Pho- 
tosynthesis research.org> ) receive special discounts. 

Although I continue to believe in the value of multi-authored books in this series, I decided that this 
precedent could be broken when I discovered that Bacon Ke had written a marvelous manuscript on 
photosynthesis in the tradition of Eugene Rabinowitch. I have read Ke’s work, “Photosynthesis: 
Photobiochemistry and Photobiophysics, ” and believe it to be an important addition to the “Advances in 
Photosynthesis” series. Through this book I have learned to appreciate how the kinetics of various reac- 
tions, measured by difference absorption spectroscopy and by electron spin resonance, have led to the 
current understanding of the pathway of electron transport in both plant and bacterial photosynthesis. 
Bacon has woven into the book the atomic structure of the various protein complexes with their function, 
in both a scientific and artistic manner, making it unique in dealing with the biochemistry and biophysics 
of plant, cyanobacterial, algal, and bacterial photosynthesis. In telling the story of photosynthesis. Bacon 
has dealt with the time sequence of reactions from picoseconds to milliseconds in a beautiful manner. 
Using the ptj scale (ptj = -log(time in seconds), from Martin Kamen’s 1963 book). Bacon has mostly 
covered the decades from 12 (picosecond) to 3 (millisecond). This book will be considered a classic in 
its field and will serve all beginning students and researchers in the area of the light reactions of photo- 
synthesis, up to the production of NADH or NADPH and ATP. It is the first book in the “Advances in 
Photosynthesis” series that can be used as a text book in a graduate or upper division undergraduate 
course on photosynthesis; we will only need to supplement it with a book on the dark reactions, such as 
volume 9 of the series, to cover the entire range of photosynthesis. This great book by Bacon Ke is 
volume 10 in the “Advances in Photosynthesis” series. The format of this single-authored book is inten- 
tionally different from the previous nine multi-authored books. We hope to continue using both formats 
in the future. 

In Volume 1 1, we will make several important changes to the series. The topic of “Respiration” will 
be added, and, thus, the title of the series will be changed to “Advances in Photosynthesis and Respira- 
tion.” We will also have a new board of consulting editors. Outgoing editors Jan Amesz, The Nether- 
lands; Eva-Mari Aro, Einland; James Barber, UK; Robert E. Blankenship, USA; Norio Murata, Japan; 
and Donald R. Ort, USA, will be replaced in volume 1 1 by Eva-Mari Aro, Einland; Christine Eoyer, UK; 
Elisabeth Gantt, USA; John H. Golbeck, USA; Susan Golden, USA; Wolfgang Junge, Germany; Hartmut 
Michel, Germany; and Kimiyuki Satoh, Japan. Eva-Mari Aro (Einland), who joined us only in Vol. 3, 
has graciously agreed to serve till Vol. 12, when a new member in the area of respiration will be ap- 
pointed. William Ogren served on the board of consulting editors for volume 1. 1 am particularly thank- 
ful to Jan Amesz, Eva-Mari Aro, Bob Blankenship, Norio Murata, and Don Ort for taking an active role 
in editing the various volumes in the series. Eurther, the following new members have already agreed to 
edit future volumes: Christine Eoyer, John Golbeck, Wolfgang Junge, and Kimiyuki Satoh. I thank all 
the outgoing consulting board members, the past editors and the authors, and welcome all the incoming 
board members, the editors and the authors of the future volumes. I would also like to thank Prasanna 
Mohanty for making many suggestions for both the current and future book series. Prasanna has also 
written detailed reviews of our books in several Indianjournals, bringing information to the photosyn- 
thesis community in the developing world. It is my dream that some day we will increase the access to 
these books by producing a version that all graduate students throughout the World can afford to pur- 
chase. 




The future scope of our series will reflect the recognition that photosynthesis and respiration are 
intertwined with respect to both the protein complexes involved and to the entire bioenergetic machinery 
of all life. “Advances in Photosynthesis and Respiration” will be a book series providing a comprehen- 
sive and state-of-the-art account of research in photosynthesis and respiration. Photosynthesis is the 
process by which higher plants, algae, and certain species of bacteria transform and store solar energy in 
the form of energy-rich organic molecules. These compounds are in turn used as the energy source for all 
growth and reproduction in these and almost all other organisms. As such, virtually all life on the planet 
ultimately depends on photosynthetic energy conversion. Respiration, which occurs in mitochondrial 
and bacterial membranes, utilizes energy present in organic molecules to fuel a wide range of metabolic 
reactions critical for cell growth and development. In addition, many photosynthetic organisms engage 
in energetically wasteful photorespiration that begins in the chloroplast with an oxygenation reaction 
catalyzed by the same enzyme responsible for capturing carbon dioxide in photosynthesis. This series of 
books spans topics from physics to agronomy and medicine, from femtosecond processes to season long 
production, from the photophysics of reaction centers, through the electrochemistry of intermediate 
electron transfer, to the physiology of whole organisms, and from X-ray crystallography of proteins to 
the morphology of organelles and intact organisms. The intent of the series is to offer beginning re- 
searchers, graduate students, advanced undergraduate students, and even research specialists, a compre- 
hensive, up-to-date picture of the remarkable advances across the full scope of research on bioenergetics 
and carbon metabolism. 

The readers of the current series are encouraged to watch for the forthcoming books: 

(1) Regulatory Aspects of Photosynthesis (volume 11; Editors: E.-M. Aro and B. Andersson); 

(2) Light-harvesting Antennas in Photosynthesis (Editors: B. R. Green and W. W. Parson); 

(3) Photosynthesis in Algae (Editors: A. W. D. Larkum, S. Douglas, and J. A. Raven); 

(4) Photosynthetic Nitrogen Assimilation and Associated Organic Acid Metabolism (Editors: C. H. Eoyer 
and G. Noctor); 

(5) Clorophyll Fluorescence: A Signature of Photosynthesis (Editors: G. Papageorgiou and 
Govindjee); and, 

(6) Photosystem II: The Water/Plastoquinone Oxido-reductase in Photosynthesis 
(Editors: T. Wydrzynski and K. Satoh). 

In addition to these contracted books, on-going discussions are taking place for books on Photosys- 
tem I; Eunctional Genomics; Protonation and ATP Synthesis; Plant Respiration; The Chlorophylls; 
Photoinhibition; Global Aspects and Geochemistry; History of Photosynthesis; The Chloroplasts; C-3 
and C-4 Plants; and Plant Photosynthetic Production: A Manual of Methods. Both Kluwer 
(iacco.flipsen(S wkap.nl) and I ( gov@uiuc.edu ) welcome suggestions for titles of new books (especially 
in the area of respiration), for editors, for authors, and for improvement of this book series in general. In 
view of the interdisciplinary character of research in photosynthesis and respiration, it is my earnest 
hope that this series of books will be used in educating students and researchers not only in Plant Sci- 
ences, Molecular and Cell Biology, Integrative Biology, Biotechnology, Agricultural Sciences, Micro- 
biology, Biochemistry, and Biophysics, but also in Bioengineering, Chemistry, and Physics. 

During the many years that I have edited this series, I have often thought of a quote by William 
Safire, a columnist for the New York Times. He wrote, “To communicate, put your thoughts in order, 
give them a purpose, use them to persuade, to instruct, to discover, to seduce.” Regardless of the political 
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views of Safire, I like this quotation. I have recognized it as an important goal for writing (and editing). 
It is in part because of that goal that I thank all the authors of all the books in this series -both for their 
valuable writing, and for their patience when I made corrections, sometimes to their proofs! 

Although I will continue to be actively involved in the new series, I would like to take this opportu- 
nity to thank my friend John Whitmarsh for his constant support during difficult times of my life, and to 
thank John, along with Colin Wraight, Don Ort, and Tony Crofts, for providing a unique intellectual 
environment for my research in photosynthesis at Urbana. Others at the University of Illinois who have 
collaborated with my laboratory are the late Herbert Gutowsky, Enrico Gratton, and Robert Clegg. It is, 
however, my graduate students and post-doctorals who did all the research and they are the ones who 
were responsible for my decision to undertake the cause of education through the AIPH series. I am 
highly indebted to Rajni Govindjee, my constant companion since 1957, for her love, support and toler- 
ance, especially of the sometimes intrusive nature of my work (such as being engrossed in e-mail when 
dinner is ready). I also feel a deep sense ofgratitude to our children Sanjay Govindjee and AnitaGovindjee- 
Christiansen, to their spouses Marilyn Govindjee and Morten Christiansen, and to our grandchildren 
Sunita Christiansen, Arjun Govindjee, and Rajiv Govindjee. 



August 15, 2000 
Govindjee 

Series Editor, Advances in Photosynthesis and Respiration 
University of Illinois at Urbana-Champaign 
265 Morrill Hall, 505 South Goodwin Avenue 
Urbana, IE 61801-3707, U.S.A. 

Eax: 217-244-7246 
E-mail: gov@uiuc.edu 
URL: http://www.life.uiuc.edu/govindjee 
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Preface 



“Civilized man, long having abandoned his worship of fire and sun, is scarcely further advanced than his ancestors, 
since the fundamental relations between the sun, the green plant and himself is still shrouded in mystery. Not until 
the time comes when he can reproduce this apparently simple process of photosynthesis in his laboratory, indepen- 
dent of the green plant, can Man claim to be free from the vestiges of his ancestral worship of sun and fire. When that 
day comes the energy awaiting his disposal is enormous. ” 



Pei-sung Tang H 

Green Thralldom. London: Allen & Unwin Ltd., 1949 



In the summer of 1980, I was privileged to be invited by Prof. Pei-sung Tang, then director of the 
Botany Institute of the Chinese Academy of Sciences, to present an extended series of lectures there on 
the current status of research in the field of photosynthesis. It was an enjoyable experience which al- 
lowed for coverage of biochemical and biophysical aspects of photosynthesis, in both green plants and 
photosynthetic bacteria. 

On a subsequent visit, I was urged by Prof. Tang and his colleagues at the Institute to prepare a 
monograph in Chinese based on the lectures I presented on the occasion of my earlier visit to the Insti- 
tute. Since I was about to retire from the Charles F. Kettering Research Laboratory, I gladly accepted this 
suggestion and, after arming myself with many Chinese-English technical dictionaries and soliciting the 
able assistance of colleagues at the Institute, began work. From this effort the book ‘"Photosynthesis: 
Photons, Excitons, Electrons, Protons, Ions, and Their Interactions with the Photosynthetic Membrane” 
eventually emerged, published by the Anhui Educational Publishing House in 1991. With few other 
professional obligations to be met, I was able to devote a good deal of my time to the writing of the 
monograph, including the preparation of all the texts and graphics in camera-ready form for publication. 

The present book. Photosynthesis: Photobiochemistry and Photobiophysics, evolved from that mono- 
graph, but with greater coverage and updated. This book is primarily intended for advanced undergradu- 
ates and graduate students in plant sciences, microbiology, biochemistry and biophysics. It is also hoped 
that the moderately detailed treatment of a limited area of photosynthesis given here may also be of some 
interest to workers in other, but related fields of science. 

Perhaps the best way to characterize the scope of the book is to note that it is concerned with photo- 
synthetic reactions taking place in the time frame between <10“'^ and >10'^ second, i.e., events which 
precede the well-studied “dark reactions,” which have been amply documented in an earlier phase of 
research in photosynthesis. These early reactions include a primary charge separation followed by the 
very rapid charge transfer leading to more stable, i.e., longer- lived species and eventually, in the case of 
green plants, the reduction of the terminal electron acceptor, ferredoxin, and oxidation of water. Given 
the very short span of time in which these rapid events occur, it is not surprising that they involve only 
components that are either in, or closely associated with the reaction center. In describing the scope of 
his wonderful little book, “Primary Processes in Photosynthesis” (1963), Martin Kamen wrote that 
“much of the excitement is over by the time identifiable chemical products of photosynthesis appear.” 
This sentiment also describes aptly the scope of the present volume. I am most grateful for the opportu- 
nity given me to prepare this book on photosynthesis, especially at a time when advances in our knowl- 
edge of the primary photochemical reactions and of the structures of reaction components has been 
advancing so rapidly and revealing that photosynthesis is even more clearly an integrated biological 
process of continuing interest and of profound importance. 
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The book is divided into five major parts: (I) An Overview, (II) Bacterial Photosynthesis, (III) Photo- 
system II and Oxygen Evolution, (IV) Photosystem I, and (V) Proton Transport and Photophosphoryla- 
tion. Parts II, III and IV begin with an introductory chapter first, followed by chapters on the light- 
harvesting complexes, the primary electron donor and the primary and secondary electron acceptors, and 
finally the secondary donor. I have taken what might at first seem as an unnatural approach in organizing 
the material on the electron acceptors. I have presented the discussion of them more or less in the chro- 
nological order of their discovery rather than in the order of their actual participation in electron transfer, 
as dictated by their physical location or redox potential. The reduced state of an acceptor generally has a 
longer lifetime the further away it is from the photooxidized donor and can therefore be more readily 
detected with instrumentation having only modest time resolution. With the advent of instrumentation 
with improved time resolution, earlier acceptors with their shorter lifetimes could in turn be detected. 
Thus presentation in the order of discovery can better convey the sense of historical development and 
also illuminate some sense of the semantic difficulties that had been encountered with the term 
“primary.” It also underscores the importance of advances in instrumentation in realizing ever finer 
details of structure and mechanism which are essential to a full understanding of photosynthesis. 

In preparing this book, I am most grateful for being able to use results of numerous workers to illus- 
trate the various topics. I also want to thank my colleagues for allowing me to reprocess many of the 
figures so that the frames and boxes, as well as the associated text, have a uniform appearance in the 
book. I want to thank all colleagues for granting me permission to use their figures and to allow me to 
make these minor modifications. I also felt very fortunate in being able to obtain a number of color 
photographs, particularly of the crystal structures of the various photosynthetic proteins, including those 
involved in electron-transport, light-harvesting and ATP synthesis. To all the contributors for their en- 
thusiastic support, I am most grateful. I especially wish to thank Dr. Hans Deisenhofer for letting me use 
for the cover of this book their wonderful color picture of the crystal structure of the Rhodopsudomonas 
viridis reaction center. This book has used a number of stereograms showing the three-dimensional 
structure of various photosynthetic proteins. I especially want to encourage readers to view these fasci- 
nating pictures with the unaided eye as I am sure they will find such viewings most enjoyable and 
rewarding. For readers who are unfamiliar with the proper viewing procedure, a very brief instruction is 
presented in the appendix. At the end of each chapter there is a number of references of recent review 
articles as well as an extensive list of references that will provide readers access to the original work in 
the literature. 

I want to take this occasion to thank Govindjee, Chief Editor for the Advances in Photosynthesis series 
published by Kluwer Academic Publishers, for including this book in the series, and for his most careful 
and meticulous editing of the entire draft. It is also a pleasure to acknowledge the help of several col- 
leagues and friends, Jan Amesz, Darrell Fleischman and Richard Malkin in critically examining various 
parts ofthe book and for their thoughtful and valuable comments and suggestions. I also had the pleasure 
and special privilege of working closely with my colleague and friend, Ed Dolan, a great grammarian, 
whose detailed comments on every chapter are most certainly responsible for whatever cogency the 
book has attained. Any omissions were due either to oversight on my part, for which I apologize, or the 
need to keep the book to a manageable length without distorting the major topics presented. 

Finally I want to thank my wife, Keiko, for her encouragement and infinite patience throughout the 
years that the book was being prepared. 

Bacon Ke 

6100 Horsemans Canyon Drive, Walnut Creek, California 94595 U.S.A.; E-mail address <baconke@nature.berkeley.edu> 

July 26, 2000 
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Color Plate 1. Side view of Rp. viridis reaction-center model. See book cover (or the broad view of the same modei. Both figures 
are kindly provided by Dr. Johann Deisenhofer. (See Chapter 2, Fig. 7.) 

Color Plate 2. Image of the water chain extending from the Q^-bindlng site to the cytoplasm across the H-subunit in Rb. sphaeroides 
reaction center. (Courtesy of Dr. U. Ermier and Dr, H. Michei). [See Chapter 6, Fig. 9.] 



Color Plate 3. Bacteriai photosynthetic unit consisting of LH i-RC complex and LH II. (Courtesy of Dr, K. Schulten). [See Chapter 
3, Fig. 12 (B).] 
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Color Plate 4. Model for the LH2 nonamer complex from Rhodopseudomonas acidophila. (A): viewed from the periplasmic side of 
the membrane; (B): viewed within the membrane. (Courtesy of Dr. N. W. Issacs and Dr. R. J. Cogdell). (See Chapter 3, Fig. 6.] 
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Color Plate 5. The octameric LH-II complex from Rs. moHschianum. (A) shows both protein helices and pigment molecules; (B) 
shows the BChls and carotenoids. (Courtesy of Dr. K. Schulten). [See Chapter 3, Fig. 7.] 

Color Plate 6. Model for the LH-I complex ofRd. sphaeroides. (A) Side view showing protein helices, BChls and carotenoids; (B) 
Top view of the carboxy termini of the protein pointing upward; (C) Superposition of the simulated X-ray projection map of LH I of 
Rs. rubrum. (Courtesy of Dr. K. Schulten). [See Chapter 3, Fig. 8 for related information.] 
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Color Plate 7. Stereo ribbon diagram of a monomer of the peridinin-chlorophyll protein (PCP) from Amphidinium carterae. 
(Courtesy of Dr. E. Hofmann and Dr. W. Welte). [See Chapter 13, Fig. 5; also see the Appendix (p.739) on how to view the 
stereogram.] 
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Color Plate 8. Ribbon model of the PS-II reaction-center including cofactors. (Courtesy of Dr. J. Xiong and Dr. Govindjee). [See 
Chapter 11. Fig. 5 and Chapter 22, Fig. 1 1 .] 
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Color Plate 9. (a) Model for the LHClI-PS-ll supercomplex consisting of D1/D2 and light-harvesting complexes, (b) Side view of 
the same supercomplex. (Courtesy of Dr. J. Barber). [See Chapter 11, Fig. 6.) 




Color Plate 10. Left: Electron-density map at 4.5 A resolution showing the electron carriers, viewed along the membrane plane. 
Right: Arrangement of the geometrical centers of the electron carriers. (Courtesy of Dr. H. T. Witt). [See Chapter 25, Fig. 3, 
Chapter 27, Fig. 6, and Chapter 28, Fig. 1 .] 
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Color plate 11. Schematic representations 
of the transmembrane a-helices of a PS-1 
monomer complex in top (A) and side view 
(B) and a trimer complex in top view (C). 

(A) One monomer is shown, with the ad- 
joining monomers separated by dashed 
lines. The three FeS-centers are shown in 
red in the center. The a-helices are labeled 
by lower-case letters, with a to o in green 
and a' to o' in blue. The a-helices are 
grouped by thin dotted lines, and the stro- 
mal subunits by continuous thin lines. 

(B) View of the monomer shown in (A) 
along the membrane plane (stroma at top 
and lumen at bottom). Additional a-helices 
for PsaC and PsaD are shown in light blue. 
The stromal subunits extend ~30 A above 
the membrane-embedded subunits, and 
the total height of the PS-1 core complex is 
90 A. 

(C) Schematic representation of a PS-1 tri- 
mer complex. It includes all identified a- 
helices, core antenna Chl-a molecules and 
cofactors of the electron-transfer chain. 
Note the greater separation between the 
Chl-a molecules in the trimerization domain 
than inside the monomer domain. 

Refer to Chapter 25, Figs. 6 and 7 and 
Chapter 27, Fig. 5 for additional informa- 
tion. Figure kindly provided by Prof. Horst 
Witt. Original reference: Schubert, Klukas, 
KrauB, Saenger, FrommeandWitt(1997) 
Photosystem I of Synechococcus elonga- 
lus at 4 A resolution: Comparative struc- 
ture analysis. J Mol Biol 272: 747. 
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Color Plate 12. Structure of the plastocyanin (PC)-Cyt fcomplex. PC in purple and Cyt fin orange. (Courtesy of Dr. M. Ubbink and 
Dr. D. S. Bendall). [See Chapter 34, Figs. 3, 4, 12 and 13.] 

Color Plate 13. Ribbon diagram of the pea ferredoxin-NADP' reductase (Tyr308->Ser)-NADP* complex. The N-terminal FAD 
domain and the C-terminal NADP* domain are colored in teal and red, respectively; FAD in yellow and NADP* in green. (Courtesy 
of Dr. P. A. Karplus). (See Chapter 34, Fig. 21.] 

Color Plate 14. (A) A Rieske iron-sulfur protein fragment of the bovine-heart mitochondrial cytochrome be, complex. Iron is shown 
in red, sulfur in yellow, and the ligands to the cluster are shown in grey ball-and-stick models. (Courtesy of Dr. S. Iwata and Dr. H. 
Michel). (B) A Rieske iron-sulfur protein fragment of spinach chloroplast. (Courtesy Dr. W. A. Cramer, Dr. J. Smith, and Dr. C. J. 
Carrell). [See Chapter 35, Fig. 4.] 







Color Plate 15. Composite structure of vertebrate mitochondrial Cyt be,. The dark horizontal band indicates the probable 
membrane position. The left and right figures are related by a rotation of 90° about the membrane normal. Color codes for 
subunits listed in the figure. (Courtesy of Dr. E. A. Berry and Dr. A. R. Crofts. Reference source: EA Berry, M Guergova-Kuras, 
L-S Huang and AR Crofts (2000) Structure and function of cytochrome be complexes. Annu Rev Biochemistry (69:1024). (See 
Chapter 35, Sections I.O. and III.C.] 

Color Plate 16. Three-dimensional model of the (I 3 P 3 subcomplex of F, from Bacillus PS3. (A) Side view of the complex. (B) Top 
view of the complex toward the membrane. The p-subunits are shown in yellow and the a-subunits in red. (Courtesy of Dr. Y. 
Shirakihara). [See Chapter 36, Fig. 29.] 



Color Plate 17. Model for the ATP synthase. (Courtesy of Dr. P. Graber], [See Chapter 36, Fig. 40.] 
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I. Solar Energy and Photosynthesis 

Photosynthesis takes place in green plants, algae, cyanobacteria and photosynthetic bacteria where the 
sunlight is converted into chemical energy. In green-plants photosynthesis requires, besides light as the 
energy source, only two raw materials: water and carbon dioxide from the atmosphere. The organic 
compounds ultimately produced by photosynthesis, directly or indirectly, include sugar, carbohydrates, 
lipids and proteins, all of which serve as food for all living creatures. 

It is generally believed that the earth was formed about 4.6 billion years ago and that life on earth 
began about 3.5 billion years ago, with the first photosynthetic organisms to appear being the photosyn- 
thetic bacteria and primitive algae. Evidence indicates that cyanobacteria evolved about 2 billion years 
ago leading to the accumulation of oxygen in the atmosphere. The presence of oxygen and the produc- 
tion of foodstuffs by higher plants made the existence of heterotrophs such as humans possible. At 
present, the total biomass produced annually by plant photosynthesis amounts to about two hundred 
billion tons. Living creatures, including humans, consume the photosynthesized foodstuffs and derive 
energy from them by “respiration” (see Fig. 1), a process by which the organic compounds are oxidized 
back to carbon dioxide and water. Photosynthesis therefore serves as a vital link between the light 
energy of the sun and all living creatures. 
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Fig. 1. The complementary relationship between photosynthesis and respiration. The vehicles for photosynthesis and respiration 
are the chloroplasts and mitochondria, respectively. In chloroplasts, the thylakoid membrane is the site for light absorption and 
water splitting (oxygen production) via photochemical electron transport and the stroma for carbon-dioxide fixation. “T" represents 
the metabolite which chemically binds hydrogen: it is NADP^ in chloroplasts: H, ! represents various fonns of bound hydrogen in 
mitochondria. CHjO is the symbol for carbohydrate. The energy of a red photon is ~1.8 eV; AE of 1.1 eV represents the energy 
stored by photosynthesis or energy released by respiration. Figure adapted from Renger (1987) Biological exploitation of solar 
energy by photosynthetic water splitting. Angew Chem 36: 643. 

Fig. 1 illustrates the complementary relationship between photosynthesis and respiration. In green 
plants, the photophysical and photochemical processes of photosynthesis take place in the chlorophyll- 
containing thylakoid membrane of the chloroplasts. The essential photochemical process includes the 
decomposition of water into oxygen, which is released to the atmosphere, and the generation of reducing 
power in the form of NADPH, plus ATP, a principal energy currency formed from ADP by a photosyn- 
thetically generated proton gradient, both of the latter two species contributing to the biosynthesis of 
carbohydrates and other compounds. 

Biosynthesis of carbohydrates from carbon dioxide occurs in the stroma region of the chloroplasts via 
the Calvin cycle. The formation of a six-carbon sugar molecule requires six complete turns of the Calvin 
cycle, for each ofwhich three ATP and two NADPH molecules are consumed. The overall biochemistry 
of photosynthesis for the formation of one glucose molecule from six COj molecules may be written as: 

6 CO 2 + I 2 H 2 O+ 18ATP+ 12NADPH-^C6H,206+ 18 ADP + 18Pi+ 12NADP*+ 12 H "+6 02t 

Note that photosynthetic reduction of an NADP* to give an NADPH needed in this reaction two elec- 
trons, i.e., NADP*^ + H* +2e' -> NADPH. Thus the two NADPH molecules needed for the fixation ofone 
COj molecule require four electrons and two protons, all originating from two water molecules. 

In the currently accepted scheme, two photoacts are required for the release of each electron from 
water, thus requiring eight moles of photons for each mole of CO 2 reduced or 381 kcal. The reduction of 
one mole ofC 02 molecule to glucose requires 112 kcal and thus the efficiency of photosynthetic reac- 
tion is 1 12/384, or -30%. The actual efficiency may be lower, given that not all photons may be effec- 
tive. 
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Let us now examine the efficiency of solar energy utilization by photosynthesis in a broader perspec- 
tive with the help of Fig. 2. This matter also concerns the problem of the earth’s energy resources, both 
the existing energy reserve and the continuing energy inflow from the sun. At the moment, the total 
fossil fuel reserve - a remnant of ancient photosynthetic products, a sort of stored solar energy bank - is 
driving the modern industrial civilization and is estimated to be ~10'’ kcal. Current world annual con- 
sumption of fuel is ~5X10'* kcal (~6X10‘^ kW-h). So the current fuel reserve at the present rate of 
consumption will last about 200 years. The ultimate source of solar energy is nuclear energy, which is 
constantly being generated by the sun. The eventual solution for the fuel-energy needs of human kind 
may lie in two areas other than photosynthesis: one, sustained nuclear reaction on earth similar to that of 
the sun, the so-called “atomic energy,” and the other, “solar cells,” which directly convert solar energy 
into electrical energy. There has been slow but steady progress in the latter field. The efficiency of solar 
cells under development at the present time is rapidly closing in on that of conventional sources in 
providing cost-effective electric power. 

As already noted, to sustain living creatures on earth, food as well as other chemicals produced by 
photosynthesis are needed. Fig. 2 shows where things stand in relation to the global energy balance in the 
biosphere. The annual flow of sunlight energy toward the earth’s surface is estimated to be~1.2X10^' 
kcal (or 1.4X10'* kW-/?). Out of this a large fraction is either reflected by the atmosphere (~4X10^“ kcal) 
or absorbed by it (~2X1 kcal). This latter portion of energy, although lost to photosynthesis, neverthe- 
less powers various processes at the earth’s surface such as winds, ocean currents, hurricanes, etc. About 
4.2X10^“ kcal of sunlight falls onto the ocean surface, and a smaller portion amounting to 1 .8X 1 kcal 
falls on land. Of the total, the energy stored by green plants and algae has been estimated to be 6X10’’ 
kcal. From this amount, the energy from substances suitable for use as fuel amounts to 8X10'* kcal; 
foodstuff amounts to 4X10'* kcal, and agricultural waste amounts to 2X10'* kcal. Based on the total 
sunlight energy from the sun falling on the earth’s surface, only 6X10'’ kcal, less than 0.1%, appears to 
be efficiently utilized by photosynthesis, and the energy stored in the final useful products is another 
order of magnitude smaller. 
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Fig. 2. Energy relationship between the sun and the earth. See text for discussion. Figure adapted from Zamaraev and Parmon 
( 1 980) Potential methods and perspectives of solar energy conversion via photocatalytic processes. Catalysis Rev 22: 265. Also 
see B0ger(1978) Photobiologische Umwandiung der Sonnenenergie. Natunvissenschaften 65: 407-412. 
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II. Absorption of Light Energy and the Fate of the Electronically Excited States 

We briefly review here the absorption of light energy and the possible fate of the excited molecules 
formed. A photon is absorbed by a molecule very rapidly, within 1 0 sec, provided the frequency of the 
incident light meets the criterion of hv=h c/X=/!sE, where AE is the difference between the energy levels 
of the initial (ground) and final (excited) states, vand X the frequency and the wavelength, respectively, 
of the light, c the velocity of light, and h Planck’s constant. In most instances, the absorbed photon 
promotes the electron from the ground singlet state Sgto some excited singlet state S] or S 2 , as illustrated 
in Fig. 3 (A) by steps © and respectively. A simplified absorption spectrum corresponding to these 
different changes in energy levels is illustrated in Fig. 3 (D), where the structure often observed for 
transitions to different vibrational levels has for simplicity been ignored. Rotational structure is usually 
not observed in the condensed state. A molecule brought to an upper excited state usually returns to the 
first excited state in 10"‘‘'-10’'^ sec by “internal conversion” [step ®]. By this pathway a portion of the 
energy of the higher excited state is dissipated as heat to the surroundings by a sequence of small transi- 
tions through the vibrational sublevels of the electronically excited state. 

(B) (A) (C) 

I 1 




Fig 3. Absorption of photon and the various possible fates of an excited state (A). Straight arrows represent absorption and 
emission of light, wavy arrows represent non-radiative transitions. (B) and (C) show the electron spin states in the singlet ground 
state and in the singlet and triplet excited states. (D) shows simplified absorption and emission spectra numbered to correspond 
to steps in (A). See text for discussion. 
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Although our primary interest is in the excited states produced by the absorption of electromagnetic 
energy, a variety of other forms of energy such as electrons and other charged particles, thermal excita- 
tion, sound and shock waves and chemical reactions, can generate excited states, and depending on the 
mode of excitation, the radiative decay from these excited states would be called electroluminescence, 
thermoluminescence, sono- or triboluminescence, and chemo- or bioluminescence, respectively. How- 
ever, among all modes of excitation, that by photons is the most selective. By using light of appropriate 
frequency or wavelength, molecules can be transformed from a well-defined initial state to a well- 
defined excited state. 

An excited molecule in a singlet state usually has a maximum lifetime of~10~* sec due to an inherent 
tendency to fluoresce but can undergo various modes of nonradiative as well as radiative decay, the 
latter generally termed luminescence. The fate of the excited molecule depends on the pathway taken by 
the excitation energy. Depending on the mode of radiative decay, luminescence may also be called 
fluorescence, phosphorescence, afler-glow or delayed light emission, etc. Once the excited molecule has 
returned to one of the lower vibrational sublevels of the first excited singlet state, it can return to one of 
the lower vibrational sublevels of the ground state by emitting a photon as fluorescence [step ®]. The 
relationship between the fluorescence spectrum and that of absorption is shown in Fig. 3 (D). Fluores- 
cence is usually considered as a waste of the absorbed energy, but the phenomenon provides a very 
valuable tool for investigating photosynthesis, even though the fluorescence yield, i.e., number of pho- 
tons emitted relative to the photons absorbed, is usually less than a few percent, or even lower in photo- 
synthetic systems. 

Another important energy pathway is called “intersystem crossing” [step ®], which refers to the con- 
version of an excited singlet state to an excited triplet state, followed by a radiative or nonradiative decay 
of the excited triplet state to the ground singlet state. The light emitted by the radiative, triplet-to-ground 
state transition is called “phosphorescence” [step ©]. The electron spins in the ground state and the 
excited singlet and triplet states are represented in Fig. 3 (B) and (C). 

Besides returning to the ground state So from the S, state by emission, the Sj state may alternatively go 
to So by radiationless deactivation [step ®, butfrom S| to Sq, followedby step ®]. As the name implies, 
no radiation is emitted and the electronic excitation energy is converted into vibrational excitation of Sq, 
which is then transferred to the adjacent solvent. For certain excited molecules the most useful decay 
pathway is “energy transfer” [step ®], which eventually leads to the so-called charge-separated state, 
and is ofvital importance to photosynthesis. 

The mechanism by which energy transfer takes place in plant pigment systems is called resonance 
transfer, formulated by Theodor Forster some fifty years ago. This type of energy transfer may appear 
like simple radiative transfer, but it is notjust simply a process of one molecule emitting fluorescence 
and another molecule absorbing it. Instead, there is a direct coupling via the mutual radiation fields of 
the two oscillators, corresponding, respectively, to fluorescence in the donor molecule D and absorption 
in the acceptor molecule A. Resonance transfer implies a more “intimate” coupling between the energy 
donor and acceptor, rather resembling the interaction of weakly coupled pendulums. The oscillation 
associated with de-excitation of one molecule is coupled at close range to a “sympathetic” oscillation in 
a neighboring molecule, causing transfer of excitation energy to the latter. Thus the first molecule 
donates its energy directly to the second one without the intervention of fluorescence or absorption in the 
usual sense. Consequently, transfer is even more rapid than by radiation. It is possible for energy to be 
transferred by the resonance-transfer mechanism to an unexcited molecule over a distance of 50 to 100 
A. Furthermore the two molecules need not be identical. For instance, resonance energy transfer may 
occur from Chi b to Chi a. The one important condition for efficient resonance transfer is that the 
fluorescence spectrum of the donor overlap that of the absorption spectrum of the acceptor, as shown in 
Fig. 4. 
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Fig. 4. Illustration of FOrster's resonance energy transfer. Adapted from Windsor (1965) Luminescence end energy transfer. In: 
D Fox, MM Labes and A Weissberger (eds) Physics and Chemistry of the Organic Solid State, Vol II, p 395. Interscience Publ. 



III. Light-Harvesting Pigment Moiecuies 

The solar energy needed for photosynthesis is captured hy pigment molecules, the major pigment being 
the chlorophylls. There are also the so-called accessory pigments (including carotenoids and chlorophyll 
b where Chi a is the major pigment) that supplement the “harvesting” of light hy absorbing in some 
wavelength region(s) in the visible where chlorophyll a itself does not absorb significantly. 



II.A. The Chlorophylls 

Electromagnetic energy lying mainly in the visible or near-infrared region is capable of initiating 

photochemistry in the photosynthetic apparatus. With the principal pigment being chlorophyll (Chi). 

Chlorophyll contains a macrocyclic tetrapyrrole ring, with a structure similar to that of the prosthetic 

heme group ofhemoglobin and cytochromes, and is biosynthetically derived from protoporphyrin IX. 

The tetrapyrrole ring of Chi [see Fig. 5 (A)] can be seen to differ from the heme in several aspects: 

(1) The central metal ion in Chi is Mg^^, not or Fe^* as in the hemes. 

(2) Chi has a cyclopentanone ring (ring V) with an attached carboxylic ester group, fused to pyrrole 
ring III. 

(3) Pyrrole ring IV of Chls a and b is reduced, i.e., it contain two extra hydrogen atoms. In 
bacteriochlorophylls a and b (BChl a and BChl b), rings II and IV are also reduced. 

(4) The propionyl group on ring IV of Chls a and b and BChl b is esterified by the long-chain 
isoprenoid alcohol phytol. In BChl a the propionyl group is esterified by either phytol or 
the all-trans geranylgeraniol, depending on the bacterial species [see Fig. 5 (B)]. 
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Fig. 5. (A) Molecular structures of iron protoporphrin IX, chlorophyll a and bacteriochlorophyll a; (B) table listing some substituent 
groups in Chls a and b and BChls a and b. and structures of the phytyl and geranylgeranyl side chains; (C) the absorption spectra 
of Chls a and b and BChl a In solution; (D) absorption (a, b) and fluorescence (c, d) of chlorophylls [illustration scaled for BChl a], 
(a) Energy-level diagram showing spectral transitions and the corresponding spectra (b) [turned 90” clockwise to show the corre- 
lation; (c) energy-level diagram showing the radiationless transitions (thin faint arrows) and fluorescence (thick faint arrow) and 
the corresponding fluorescence emission spectrum (d). (A) and (D) adapted from Sauer (1975) Primary events and the trapping 
of energy. In: Govindjee (ed) Bioenergetics of Photosynthesis, p 118, 120. Acad Press. 
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In addition to Chi a, photosynthetic organisms can contain other kinds of chlorophylls: Chi b in green 
plants and green algae, Chi c in brown algae and diatoms, and Chi d in red algae. These varions chlorophylls 
differ by having different snbstitnent gronps on the tetrapyrrole ring, as noted in Fig. 5 (B). BChl a, 
present in pnrple bacteria, has its long-wavelength, in vivo absorption band shifted toward the near 
infrared (-875 nm) relative to its location in organic solvents. BChl b, fonnd in Rhodopseudomonas 
viridis', has its in vivo absorption maximum at -1020 nm and differs from BChl a in the substituent group 
at C-4 [see table in Fig. 5 (B)]. Another bacteriochlorophyll, called Chlorobium chlorophyll (CChl 660), 
is fonnd in green snlfnr bacteria, where 660 represents its long-wavelength absorption-band maximnm 
in organic solvents; in vivo, this absorption maximnm is shifted to 740 nm. 

In Fig. 5 (A), the conjngated 7 i-electron systems of Fe-protoporphyrin, Chi a, and BChl a are shown 
shaded. The Fe-protoporphyrin IX is fnlly conjngated and the tetrapyrrole ring is highly symmetric. Dne 
to the rednced state of ring IV in Chls a and b, however, the symmetry of their conjngated tetrapyrrole 
rings is lower. This difference in strnctnre has a significant effect on their light-absorption properties. 
For instance, the long-wavelength a-band of cytochromes, which contain the symmetrical heme, is 
relatively weak, whereas both Chls a and b have an intense absorption band at 676 and 642 nm, respec- 
tively [Fig. 5 (C)]. In BChl a, where the bond between C(3) and C(4) in ring II is also single, the 
symmetry of the conjngated system is more prononnced, resnlting in an even stronger absorption band, 
fnrther toward the near infrared at 780 nm. 

The transitions involved in the absorption and emission of light by chlorophylls and the associated 
spectra may be illnstrated for BChl a, as shown in Fig. 5 (D). Absorption of light by BChl a, as governed 
by the relationship, d^\L=hv=hcl'k, promotes an electrons from a gronnd-state orbital to one of the vari- 
ons excited-state orbitals. In Fig. 5 (D, a), Eq is the energy level of the molecnle in the gronnd state, and 
E|, El, etc. represent the energy levels of varions excited states resnlting from the absorption of photons 
of energies hv\, hv 2 , etc. Althongh the fignre is scaled for the absorption spectrnm of BChl a, qnalita- 
tively it is eqnally applicable to Chi a or Chi b. In Fig. 5 (D, b), the absorption spectrnm is shown tnrned 
90° clockwise from its conventional orientation in order to relate it to the energy diagram. The process of 
light absorption by Chi may be written as Chi + hv—> Chi’. 

In chlorophyll, the optical transition axes x and y lie in the plane of the 7 t-electron system of the 
tetrapyrrole ring along each oftheN-N diagonals [see Fig. 5 (A)]. The absorption spectra of chlorophylls 
in solntion show two main pairs of bands, one pair in the bine region (Sq— > 82 , designated as the B -bands) 
and one pair in the red or far red (Sq^S), designated as the Q-bands). The snbscripts x and y are nsed in 
Fig. 5 (D, b) as they were in Fig. 5 (A). 

Following the discnssion given in section II, above, we see in Fig. 5 (D, c) that the npper excited states 
of chlorophyll nndergo extremely rapid radiationless deactivation to the lowest excited state. The lowest 
excited state of chlorophyll in solntion has a maximnm lifetime of -5 ns, it decaying to the gronnd 
singlet state, in part by flnorescence, with the corresponding spectrnm shown in Fig. 5 (D, d). Some 
portion of the popnlation of the lower singlet excited states may also nndergo intersystem crossing to the 
lowest triplet state as shown earlier in Fig. 3, step ©. 



III. B. Chlorophyll Forms 

Whereas pnre chlorophyll in dilnte solntion displays a simple absorption spectrnm with relatively 
narrow bandwidths, the absorption bands of chlorophyll in vivo are nsnally displaced to longer wave- 
lengths as a resnlt of being bonnd to protein and the bands are also mnch broader. More than sixty years 
ago Alhers and Knorr' (of the then “C. F. Kettering Fonndation for the Stndy of Chlorophyll and Photo- 
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synthesis”) measured the in vivo absorption spectrum of chlorophyll in individual chloroplasts of three 
algae by means of a microspectrophotometer specially constructed from a microscope and a high-reso- 
lution spectrograph using photographic plates calibrated for intensity and wavelength. The in vivo ab- 
sorption band between 664 and 704 nm generally had a broader bandwidth than the corresponding band 
in solution, A more striking feature seen in the spectra of all chloroplasts examined was the presence of 
several absorption maxima. The relative intensities of the maxima varied from a cell of one species to 
that of another, indicating that they are due to not one but several different substances. For instance, in 
the alga Protococcus, bands with absorption maxima could be identified at 673, 681, 687 and 698 nm 
each with an intensity characteristic of the alga. Albers and Knorr suggested that in vivo chlorophyll a 
most likely formed “reaction products” of some kind having absorption bands at slightly different wave- 
lengths. 

In the late 1950s, Stacy French^ renewed the concept of “ chlorophyll forms.” The availability of more 
advanced spectrophotometer designs and newer methods for data manipulation helped expedite further 
studies. In addition, workers around that time were beginning to prepare subchloroplast fractions having 
different pigment compositions, different Chi o-to-Chl b ratios and therefore different absorption spec- 
tra. These subchloroplast fractions isolated from both plants and algae provided useful experimental 
materials for studying the various forms of chlorophyll. At the same time French^ successfully applied 
curve-fitting techniques and pioneered the use of automatic recording of derivative spectra (dA/dA, vs. X) 
for quantitative analysis as well as identification of chlorophyll forms. 

The existence of different chlorophyll forms in vivo can best be seen by comparing the absorption 
spectrum of pure chlorophyll a in ether with the spectra of two algae that are known from column 
separation work to contain Chi a only. As many studies had already shown that both the band shapes and 
peak positions of in vivo Chi a varied in the many algae and plants that had been examined, it is not 
surprising that the in vivo absorption spectra of Cryptomonas and Botryoglossum, seen in Fig. 6 (A), had 
the absorption band red-shifted from solution spectra, but the spectra also indicated the presence of Chi 
a in different “forms” in the two algae. 

Different chlorophyll forms of Chi a had also been detected in a single organism, as illustrated in Fig. 
6 (B), where the absorption spectrum for a preparation ofthe alga Euglena is compared with that ofpure 
Chi a in ether. We see that the native Chi a in its functional, in vivo state has a much more complex 
spectrum consisting of a number of overlapping absorption peaks. From this absorption spectrum, four 
Chl-fl forms were distinguished and designated as Ca 672, Ca 681, Ca 693 and Ca 706, where the 
numbers represent peak wavelengths. 

Fig. 6 (C) illustrates the use of curve-fitting as a means of characterizing the various Chi forms in 
Scenedesmus fraction I (i.e., a so-called “photosystem-I” preparation). Here the observed spectrum, 
plotted as dots, was resolved by computer into a number of Gaussian-shaped distribution curves of 
different heights, widths and location, each curve representing different chlorophyll forms . For instance, 
curve analysis of the 653-nm Chl-6 band (not shown) yielded a major 654-nm form and a minor 645-nm 
form. As for Chl-a, the major forms are at 662, 670, 677 and 683 nm, plus two minor forms at longer 
wavelengths, namely, at 693 and 702-703 nm. The four major forms just mentioned were considered the 
“universal” forms of Chi a. It has been shown that taken together these four major components plus the 
two longer wavelength components can give a good fit to many spectra. As illustrated in Fig. 6 (C), 
adding together the component spectra gave a spectrum (the solid curve) which runs almost exactly 
through the experimental data (the dots). The peak wavelengths and their approximate distribution in the 
two fractions from green algae and leaves are listed in the table next to Fig. 6 (C). 
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Chi forms (nm) 


Fraction 1* 


Fraction II* 


662 


22 


25 


670 


23 


27 


677 


29 


33 


683 


17 


8 


692 


7 


5 


705 


3 


0 



‘Fractions I and II contain primarily 
PS-1 and PS-II particles, respectively 



Fig. 6. (A) The red absorption bands of Chi a in the algae Cryptomonas and Botryoglossum that do not contain Chi b, compared 
with that of pure Chi a in ether; (B) the spectrum of the alga Euglena recorded at -1 96“C compared with that of pure Chi a in ether 
at 23 °C; (C) the absorption spectrum of fraction I from Scenedesmus chloroplasts at -1 96 ‘C (dots), fitted by the sum of Gaussian 
components; the accompanying table shows the approximate % distribution of Chl-a and b-forms in the two fractions of green 
algae and green-plant leaves. The legend “wavelength" is omitted in the abscissa of this figure as the actual wavelength in 
nanometers (nm) is indicated; this practice will also be used for other applicable figures in this book. Figure source: (A) French 
(1959) Various forms of chlorophyll a in plants. In: Brookhaven Symp on The Photosynthetic Apparatus, p 67; (B) and (C) French 
(1971) The distribution and action in photosynthesis of several forms of chlorophyll. Proc Nat Acad Sci, USA 68: 2894 and 2895. 



III.C. The Accessory Pigments 

Besides the major light-absorbing chlorophyll molecules, there are two groups of accessory pigments 
which absorb light in the wavelength region where chlorophylls do not absorb strongly. The two types of 
accessory pigments are the carotenoids and phycobilins. 

More than 600 naturally occurring carotenoids are known at the present time, of which about 150 are 
known to be present in photo synthetic organisms, including higher plants, algae and photosynthetic 
bacteria. Carotenoids are long-chain, conjugated hydrocarbons containing a string of isoprene residues. 
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and distinguished from one another hy their end groups. Usually, a few different carotenoids are present 
in each organism. Fig. 7 shows four carotenoids (P-carotene, lutein, violaxanthin and neoxanthin) com- 
monly present in green plants and spheroidene and the carotenoid commonly present in photosynthetic 
bacteria, together with their full names and the wavelengths of their three absorption maxima in the 
visible region. Note that P- is one of the three common end groups, P-, E- and tp- (out of a total of seven), 
present in green-plant and algal carotenoids. 

Carotenoid absorbance extends from the UV to about 550 nm in the visible, as illustrated by the 
characteristic three-peaked spectrum of p-carotene shown in Fig. 9 below. The short wavelength peak in 
a carotenoid is usually attenuated if there is a P-end group present. In any event, the characteristic 
absorption spectrum of carotenoids is responsible for the yellow color of leaves in autumn and the 
orange color of carrots, for which this group of pigments is named. The upper wavelength limit of 
absorption by carotenoids depends not only on the number of conjugated double bonds and the isomeric 
configuration, but also on the nature of the end groups, in particular the presence or absence of oxygen 
(as epoxides) or hydroxyl groups. 
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Fig. 7. Some common carotenoids found in photosynthetic organisms and the wavelengths of their absorption maxima in the 
visible region. 



Invariably carotenoids are present together with chlorophylls in photosynthetic organisms, where caro- 
tenoids serve a dual function. The first role is as an accessory light-harvesting pigment. The efficiency of 
singlet-singlet energy transfer from certain carotenoids to chlorophyll may be very high, ranging from 
70% to nearly 100%. The other role of carotenoids is as a “quencher” of triplet chlorophyll to provide 
protection against photo-oxidative damage. In fact, carotenoid-deficient mutants of algae or photosyn- 
thetic bacteria are easily destroyed by the combined presence of light and oxygen. 

In addition to the two well-established roles, recent reports have suggested a structural role for some 
carotenoids in green plants. Havaux"^ reported that carotenoids of the xanthophyll family and some other 
terpenoids may stabilize and photoprotect the lipid phase of thylakoid membranes. Available evidence 
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suggests that, when plants are exposed to potentially harmful environmental conditions such as strong 
light and/or elevated temperatures, the xanthophyll, violaxanthin, and the products of their enzymatic 
de-epoxidation may become partitioned between the light-harvesting complexes and the lipid phase of 
the thylakoid membranes. The resulting interaction between the xanthophyll molecules and the mem- 
brane lipids brings about a decrease in membrane fluidity, an increase in membrane thermostability and 
a lowered susceptibility to lipid peroxidation. 

The second group of non-chlorophyll, light-harvesting pigments are the phycobilins, which are abun- 
dant in red algae and cyanobacteria (formerly called blue-green algae). Phycobilins are responsible for 
these organisms’ distinctive colors, after which they are named. Phycobilins are non-cyclic tetra- 
pyrroles, i.e., structures that may be considered as a chlorophyll tetrapyrrole ring opened up and the Mg 
atom discarded. There are four different phycobilin pigments present in the phycobiliproteins of 
cyanobacteria and red algae. Fig. 8 shows how two major phycobilins, phycocyanobilin and 
phycoerythrobilin are linked to polypeptides to form phycobiliproteins. Phycocyanobilin is linked to a 
polypeptide with its ring A through athioether linkage (top row). Phycoerythrobilin is similarly linked, 
either singly with ring A or doubly with rings A and D, to one or two polypeptides through thioether 
linkages as shown in the bottom row of Fig. 8. Structural differences arising from these bilin-to-polypep- 
tide linkages, the amino-acid sequence of the polypeptide and the chemical composition at the attach- 
ment site are responsible for the complex and varied absorption spectra of the phycobiliproteins in vivo. 
In cyanobacteria and red algae, the phycobiliproteins are assembled into supramolecular aggregates 
called phycobilisomes, which are appressed to the photosynthetic membrane surface and transfer elec- 
tronic excitation energy to the reaction centers via chlorophyll to initiate photochemical reactions. 



'wv NH-Cys-CO /vw 




Peptide-linked phycocyanobilin 




Peptide-linked phycoerythrobilins 

Fig. 8. Phycobilin pigments (phycocyanobilin and phycoerythrobilin) linked to polypeptide. 

Carotenoids and phycobiliproteins, as is made clear by their designation as accessory pigments, serve 
to absorb light energy not absorbed in the spectral region absorbed by chlorophyll and transfer this 
energy to chlorophylls. Thus chlorophylls complemented by the accessory pigments, as shown in Fig. 9, 
can cover more fully the solar spectrum from the near ultraviolet to the near infrared and thus achieve a 
more efficient utilization of solar energy. 

The light-harvesting chlorophyll- and bacteriochlorophyll-protein complexes will be discussed in de- 
tail in chapters 3, 12, and 27. The carotenoids, their light-harvesting role, the energy-transfer dynamics 
involved in light harvesting, and the structure and properties of a supramolecular chlorophyll-carotenoid 
(fucoxanthin) complex - a “xanthosome” - will be presented in chapter 13. The phycobiliproteins and 
the supramolecular phycobilisomes will be presented in detail in chapter 14. 
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Fig. 9. Absorption spectra of chlorophylls a and b, p-carotene, phycocyanin and phycoerythrin; the overlaid spectrum (thick-line) 
is that of solar-energy distribution at earth's surface. 



IV. Development of Some Modern Concepts of Photosynthesis 

/V.A. Van Niel s Formulation of Photosynthesis as an Oxidation-Reduction Process (1931) 

During the early part of this century, Richard Willstatter and Arthur Stoll^ along with Otto Warburg^ 
believed the function of light is to activate and decompose the CO2 molecule into carbon and oxygen. 
The carbon part then believed to combine with HjO to form carbohydrate. In this hypothesis, the re- 
leased oxygen originated from CO2. However, it was known that photosynthetic bacteria can assimilate 
CO2 without evolving oxygen and, furthermore, bacterial photosynthesis requires the presence of a suit- 
able reducing substrate H2A (a generic designation, where A in the case of photosynthetic bacteria is not 
oxygen). For photosynthetic bacteria, the reducing substrate H2A may be H2S, various simple organic 
compounds or simply H2 itself. Around 1930 , Cornells van Niel’’* thus formulated the process of bacte- 
rial photosynthesis process as follows: 

light 

CO2 + 2H2A > (CH2O) + H2O + 2 A 

chlorophyll 

where (CH2O) represents carbohydrate formed by photosynthesis. Van Niel then considered photosyn- 
thesis in green plants and algae a variation ofthis process, where the reducing substrate H2A is H2O, and 
thus formulated the reaction as; 



light 

CO2 +2H2O )■ (CH2O) -I- H2O + O2 

chlorophyll 

For both cases, van Niel was able to express his postulated reaction in rather formal terms as the produc- 
tion of an oxidant “S” or “OH” and a reductant “H.” In other words, light produces a coordinated oxida- 
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tion-reduction reaction. Or, in a more modern expression, as follows: 
light light 

HjS )• S + 2H" + 2 e or 2 H 2 O > O, + 4 + 4 <?' 

chlorophyll chlorophyll 

Accordingly, in the current view, the ahsorption of light is understood to produce a primary photochemi- 
cal charge separation, between a chlorophyll-type, primary electron donor and a primary electron accep- 
tor, resulting in the reactions going through a series of intermediate electron-transfer steps. 

One important consequence of van Niel’s formulation is that in green-plant photosynthesis, the O 2 
evolved should originate from H 2 O, not CO 2 . This was soon confirmed experimentally hy Ruhen, Randall, 
Kamen and Hyde^ hy mass-spectrometric examination of oxygen evolved hy the alga Chlorella sus- 
pended in '®0-labeled water. In retrospect, van NieTs simple and elegant postulate had provided one of 
the most important cornerstones for our understanding of the mechanism of photosynthesis during the 
past half century. For an in-depth discussion of the evolution of van NieTs concept, see the review hy 
Clayton'^'. 

iV.B. Time Sequence of Photosynthesis 

Time is a very special parameter in the molecular processes of photosynthesis. From the initial ahsorp- 
tion of a photon to the beginning of biosynthesis the span of time is well over ten orders of magnitude. As 
shown in Fig. 10, the sequence of photosynthesis begins with an extremely fast photophysical act, 
followed by rapid photochemical processes, electron-transfer reactions, then relatively slower biochemical 
reactions, and finally still slower physiological reactions. For events taking place over a wide range of 
“eras”, Kamen'° introduced a logarithmic time scale called “pts,” which is analogous to the expression of 
pH forH’ concentration. For instance, for the 10"'*5'ec that it takes for electronic excitation, pt^ would be 
the logarithm ofthe reciprocal oftime (in seconds), namely, 15. Kamen’s logarithmic time scale offers 
us some perspective of the fact that different processes in photosynthesis take place in characteristic eras 
covering a wide time span. The extremely complex processes involved in photosynthesis and the charac- 
teristic time demarcation for each stage are indeed nature’s most amazing phenomenon. Kamen 
expressed it well in the introduction to his book Primary Processes in Photosynthesis (1963, Academic 
Press) by noting that “Few phenomena in natural science equal photosynthesis in sweep and grandeur.” 



iV.C. Concept of the Photosynthetic Unit of Emerson and Arnoid (1932) 

In green-plant photosynthesis, chlorophyll molecules, the light-harvesting antenna, absorb photons 
and transfer the electronic excitation energy to the reaction center, which then initiates the photochemi- 
cal charge separation [see Fig. 11 (A)]. Two chlorophyll molecules, in particular, the specialpair, con- 
stitute the primary electron donor in the reaction center, while the bulk of the chlorophyll, the light- 
harvesting molecules, serves only to capture the energy of a photon and funnel it to the special pair. In 
1932 Robert Emerson and William Arnoldii investigated the question of quantum requirement for the 
photosynthetic production of oxygen from water. The authors illuminated a Chlorella suspension with 
trains of \0-/.is flashes with different intervals of darkness between flashes for different trains, thus 
allowing for subsequent dark reactions to occur following each flash. Because of the short duration of 
the flash, the photosynthetic reaction center can only turn over once during each flash excitation. They 
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Fig. 10. “Eras" in which different types of reactions of photosynthesis fake place scaied in temns of time and ptj, which is the 
logarithm of the reciprocal time in seconds as defined by Kamen. Figure adapted from Mohr and Schopfer(1995) Plant Physiology 
(English translation of the 4th German edition of Pfianzenphysiologie) p 152. Springer. 



then measured the amount of oxygen evolved per flash as a function ofthe dark interval between succes- 
sive flashes. It was found that the flash yield of oxygen evolution was dependent on the duration ofthe 
dark interval, with the oxygen yield increasing with increasing dark intervals up to ~40 ms, where it 
reached a maximum and then remained unchanged for dark intervals beyond 40-ms. These results im- 
plied that photosynthesis consists of light and dark reactions, which act together to utilize the energy of 
absorbed photons to the maximum extent. In this case, the dark interval is considered to provide the 
needed time for the chemical reactions involved in oxygen evolution to come to completion before the 
next flash can be fully effective. 

With the dark interval maintained at > 40 ms, Emerson and Arnold then examined the oxygen yield as 
a function of the flash intensity. Starting with low, non-saturating, flash intensities, the yield of oxygen 
release increased with intensity until it reached a maximum level for saturating intensities. With flashes 
of saturating intensity, the maximum yield per flash based on the number of chlorophyll molecules was 

1 02 per -2400 chlorophyll molecules. Since 8 quanta absorbed by chlorophyll can yield one 02,the 
question arose as to why the maximum yield was not 1 O 2 per 8 chlorophylls or even higher? Emerson 
and Arnold'^ explained that 2400 chlorophyll molecules act as a unit, as illustrated in Eig. 11 (A), for 
producing one O 2 per 8 photons absorbed. The collective of antenna chlorophylls plus the molecular 
machinery for carrying out chemical reactions in the dark was called the “photosynthetic unit. ” Eight 
photons absorbed by the 2400-chlorophyll collective would provide the necessary energy for evolving 1 

0 2 molecule. The energy of any extra photons absorbed by the collective during the short flash could not 
be used to promote photosynthesis but only be converted to thermal energy or re -emitted as fluorescence 
and, in any case, wasted. Note also that a long-standing controversy existed between Otto Warburg and 
Robert Emerson on the question of quantum yield of photosynthesis in green plants, on the respective 
values of 3-4 vi’. 8. See Govindjee’s fascinating paper^^ for a historical perspective on this matter. 
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Since one photon can initiate an electron transfer, one might surmise that there are eight cooperatives, 
each handling one photon, and each containing -300 chlorophyll molecules (2400/8), and together sup- 
plying the necessary energy for the chemical processes. The energy diagram in Fig. 1 1 (B) illustrates 
exciton transfer among the light-harvesting chlorophyll molecules and the eventual trapping hy the reac- 
tion-center chlorophyll. The size of photosynthetic units vary among different species: photosynthetic 
bacteria contain similar hut much smaller photosynthetic unit of -60 BChl-a molecules, while the green 
bacteria, on the other hand, have very large photosynthetic units containing -1000 BChl-c molecules. 




Fig. 1 1. (A) Simplified representation of the photosynthetic unit consisting of the light-harvesting antenna chlorophyll molecules 
and the reaction center; small arrows in the Chi antenna represent migration of electronic excitation; Chi* is electronically excited 
chlorophyll in the reaction center. (B) energy diagram showing exciton transfer among the antenna chlorophyll molecules and 
trapping by the reaction center. (A) adapted from Mohr and Schopfer (1995) Plant Physiology (English translation of the 4th 
German edition of Pflanzenphysiologie) p 161. Springer; (B) adapted from Stryer (1988) Biochemistry, p 521. Freeman. 



/l/^ D. Reaction-Center and Light-Harvesting Compiexes 

In all natural photosynthetic systems, pigment molecules are bound to polypeptides forming pigment- 
protein complexes. All photosystems are built on a general theme but also with some variations. All 
photosystems are composed of three major components: the reaction center that carries out photochemi- 
cal charge separation and electron transport, the core antenna or inner antenna consisting of pigment 
proteins that are an integral part of the reaction center complex, and the peripheral or outer antenna. 
The energy-transfer pathway is from the peripheral antenna complex to the inner or core antennae and 
finally to the reaction center. In photosystem 1 of green plants, for example, there are -90 core-antenna 
chlorophyll-fl molecules bound to the two major protein subunits of the reaction center (for details see 
Chapter 27). Models of various photosystems based on this common theme with several variations are 
presented in Fig. 12. The purpose of the variety and complicated organization of the light-harvesting 
systems is to achieve an efficient collection and transfer of light energy under different ambient light 
conditions. 

Chi a is present in all organisms that have been studied and that are capable of oxygenic photosynthe- 
sis. It is present in both the light-harvesting complexes and the reaction centers as well. In the thylakoid 
membrane of green plants Chi a is found to be localized and at a very high local concentrations. A 
pigment closely related to Chi a has been implicated as the constituent of the primary donor P700 of 
photosystem 1 of green plants (see Chapter 28). Chi a is also considered to act as the first electron accep- 
tor (called Aj,) in a series of electron acceptors in the PS-1 reaction center [see Chapter 32]. Similarly Chi 
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Fig. 12. Simple models of various photosystems: (A) purple bacteria, (B) green bacteria, (C) cyanobacteria and red algae, (D) 
brown algae and (E) green plants. RC=reaction center; FCPA=fucoxanthin-chlorophyll-protein assembly: LHC=light-harvesting 
complex; PS ll=photosystem II; PS l=photosystem I. See text for discussion. 
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a and BChl a serve as the primary donors in the photosystem II and the bacterial reaction centers, 
respectively. Pheophytins, i.e., chlorophylls whose Mg is replaced by two hydrogen atoms, are known to 
play important roles as intermediary electron acceptors in both green plants and photosynthetic bacteria. 

In those photosynthetic purple bacteria which contain bacteriochlorophyll a there are two spectrally 
different forms of the light-harvesting bacteriochlorophyll-protein complex: the core antenna, called the 
B890 complex, and the peripheral antenna, called the B800-850 complex [see Fig. 12 (A)]. Usually there 
is a fixed stoichiometry between the B890 complex and the reaction-center, but the number of B800-850 
complexes may vary according to the growth conditions, such as light intensity. In bacteria containing 
bacteriochlorophyll b, such as Rhodopseudomonas viridis, there is a similar architecture. Their respec- 
tive antenna, however, absorb further into the near-infrared. The bacterial light-harvesting complexes 
are discussed in detail in Chapter 3. 

In the green photosynthetic bacteria the bulk of the light-harvesting pigments are located predomi- 
nantly in supramolecular structures called chlorosomes which are not embedded in the membrane, but, 
instead, are appressed to the cytoplasmic membrane through a crystalline baseplate protein, as shown in 
Fig. 12 (B), left, for Chloroflexus aurantiacus. In the green sulfur bacteria Chlorobium, an additional 
sub-antenna complex in the form of a two-dimensional crystalline array oftrimeric BChl a-protein (now 
called the “FMO protein,” for Fenna, Mathews and Olson) is present at the attachment site between the 
baseplate and the chlorosome, as shown in Fig. 12 (B), right. In fact, the first crystal structure determina- 
tion of any photosynthetic pigment-protein was obtained for this BChl a-protein nearly 25 years ago by 
Fenna, Mathews, Olson and Shaw'^ at a resolution of 2.8 A and later refined to 1 .9 A'^. 

Typically, each chlorosome contains as many as 10,000 BChl-c molecules, some carotenoids and 
several hundred BChl-a molecules serving as the sub-antenna in the baseplate and as core antennae in 
the cytoplasm. Chlorosomes and the BChl a-protein, or the FMO protein, are discussed in Chapter 8. 

The cyanobacteria and red algae [Fig. 12 (C)] contain chlorophyll a but no chlorophyll b. However, 
they contain phycobilin pigments in the form of phycobiliproteins which are aggregated into supramo- 
lecular complexes called phycobilisomes. Phycobilisomes, like chlorosomes, are also appressed to the 
stromal surface of the photosynthetic membrane and serve to absorb and transfer light energy primarily 
to the core antenna of the PS-II reaction center [see Fig. 12 (C)]. Again, the primary function of this 
unique light-harvesting apparatus is to allow the organism to survive under the generally weak light 
condition found in its environments. In view of the fact that it is mainly green and yellow light that is 
attenuated down through the depth of water overlying these organisms, phycobilisomes possess appro- 
priate absorption characteristics to help absorb photons in these particular spectral regions. Phycobilisomes 
can funnel the absorbed energy to the reaction center of photosystem II in cyanobacteria and red algae 
with more than 95% efficiency. The structure and energy-transfer properties of phycobilisomes are 
discussed in detail in Chapter 14. 

Recently, a supramolecular complex consisting of chlorophyll and carotenoid has been discovered by 
Tetsuya Katoh'® and coworkers in the membrane of the photosynthetic brown algae Dictyota dichotoma 
and Petalonia fascia. This 520-kDa, orange-brown complex is made up of seven protein subunits, each 
with a molecular mass of 74 kDa and each containing 13 molecules of chlorophyll a, 3 Chi c, 10 fucox- 
anthin and 1 violaxanthin. This complex has an unusually high pigment content, with a pigment-to- 
protein ratio of 0.37 by weight. Katoh named the complex “Jucoxanthin-chlorophyU-protein assembly, ” 
abbreviated as “FCPA” [see Fig. 12 (D)]. More recently, this and other chlorophyll-carotenoid supra- 
molecular complexes have acquired a new name oV" xanthosotnes.”^'' The spectral properties of FCPA 
and arrangement and interactions of the pigment molecules in the complex are discussed in detail in 
Chapter 13. 
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Green plants contain two photosystems designated II and I, each of which is composed of reaction 
centers plus core and peripheral antennae [see Fig. 12 (C), (D) and (E)]. Photosystem II contains the 
peripheral complex called “LHC 11,” which was discovered in 1966 by Ogawa, Obata and Shibatais 
during their fractionation ofchloroplast thylakoids by SDS-PAGE (sodium dodecyl-polyacrylamide gel 
electrophoresis). There are four different EHC IIs, designated as EHC Ila through EHC IM One of 
these, the EHC Ilh complex, accounts for 2/3 of all the chlorophyll in the PS-II antenna, and is in fact the 
most abundant membrane protein of the thylakoid membrane. As a peripheral antenna, EHC lib trans- 
fers energy to the two inner antennae called CP47 (chlorophyll protein, with molecular mass of 47 kDa) 
and CP43, which in turn transfer energy to the reaction center. Photosystem I contains fewer light- 
harvesting complexes than photosystem II, but its core antenna has nearly 100 Chl-a molecules bound to 
the two major protein subunits of the PS-I reaction center. The EHC I complex, present in two forms 
(LHC la and LHC lb\ see Table 3 on p. 33), has a Chi o/Z? ratio of 3-4, somewhat higher than LHC n. The 
PS-II and PS-I light-harvesting complexes are discussed in detail in Chapters 12 and 27, respectively. 



IV. E. Discovery of the Hill Reaction (1937) 

In 1937, Rohin Hill^^ succeeded in isolating chloroplasts from leaves which under suitable conditions 
still retained some form of photosynthetic activity. The material isolated by Hill actually consisted of 
thylakoid membranes which lacked the necessary enzymes for COj fixation as a result of the loss of the 
outer membrane envelope. When these “chloroplasts” were illuminated, no oxygen evolution could be 
observed. However, when an electron acceptor such as ferric oxalate, as was used by Hill initially, was 
added, oxygen evolution was observed upon illumination, accompanied by the reduction of the ferric 
oxalate to the ferrous form. Eurthermore, four equivalents of the oxidant were found to be photochemi- 
cally reduced for each mole of oxygen evolved. This reaction was called the “Hill reaction.” Later, 
ferricyanide and benzoquinone were commonly used as the oxidizing agents. 

At this juncture, van Niel’s concept of a redox reaction taking place in the reaction center became very 
useful for understanding the Hill reaction. Although CO 2 was not assimilated under illumination, it 
appeared that the other reactions responsible for the splitting of water were still active. The ferric oxalate 
used by Hill apparently served as a substitute for the natural oxidant CO 2 to intercept electrons produced 
at the reaction center and thus allow oxygen to be evolved. The Hill reaction shows that CO 2 assimilation 
and oxygen evolution are not obligatorily linked and two physically distinct enzymatic systems may 
exist. 



V. The Thylakoid Membrane of Chloroplasts 

Previously, we have described the molecular structure of several kinds of light-absorbing pigment 
molecules and the possible fate of various excited states of these molecules after light absorption. Eor 
photosynthesis to proceed, the excitation energy must be transferred, preferably with high efficiency, 
from the light-harvesting pigment molecules to the photosynthetic reaction center, where photochemical 
charge separation can then take place. We now examine the structure of the photosynthetic apparatus 
where all the important events leading to photochemical charge separation in the reaction center and 
subsequent electron transfers take place. 

In green plants, chloroplasts are the site of photosynthesis, and we begin by examining their presence, 
location and structure in leaf tissue at several different organizational levels, starting with the leaf itself, 
as illustrated in Pig. 13. Pigs. 13 (A) and (B) are sketches of a (spinach) leaf and a magnified cross- 
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sectional view of the leaf, respectively. The chloroplasts, shown in Fig. 13 (B) as gray spots aronnd the 
cell perimeter, are easily seen with a low-power microscope, their being several microns in size. In green 
plants, there may be several hnndred chloroplasts in each cell, taking np as mnch as 25% of the total cell 
volume. Fig. 13 (C) shows an electron micrograph of a single, ellipsoid-shaped chloroplast, accompa- 
nied by a sketch in Fig. 13 (C) depicting its inferred three-dimensional structnre. 

Each chloroplast is bonnded by an envelope of a highly permeable onter membrane and a nearly 
impermeable inner membrane, the two membranes being separated by a narrow, inter-membrane com- 
partment [see Fig. 13 (C) and (C)]. The onter membrane allows small molecnles to pass throngh, while 
the inner membrane presents a barrier which allows only certain metabolites or ATP to pass throngh 
with the help of special transport proteins embedded in the membrane. Enclosed by the inner membrane 
is the “stroma,” a concentrated solntion containing the enzymes necessary for CO^ fixation, i.e., its 
conversion into carbohydrates. The stroma also contains the chloroplast’ s own DNA, RNA and ribo- 
somes involved in the synthesis of proteins. This chloroplast stroma is analogons to the matrix in mito- 
chondria. 

Snspended in the stroma is a third kind of membrane, or rather, an extensive internal membrane net- 
work, called the “thylakoid membrane.” The term “thylakoid,” first coined by Wilhelm Menke^^ in 1962, 
means “sac-like.” Note that the thylakoid membrane, nnlike a similar membrane in mitochondria, is 
repeatedly folded back on itself into donble membranes. In certain regions of the membrane network are 
stacks of flattened disk-like sacs called “grana” (singnlar, grannm), each chloroplast contains abont 10 
to 100 snch grana. The grana are interconnected by the nnstacked “stroma lamellae” (singnlar, lamella), 
forming a single continnons membrane network snspended in the stroma. 

Eor better visnalization of the thylakoid- membrane strnctnre, a portion of Eig. 13 (C) is fnrther magni- 
fied in Eig. 13 (D) and a sketch in Eig. 13 (O') shows in simplified form a portion of the thylakoid 
membranes illnstrated in Eig. 13 (C), where some nsefnl terminology is also presented. In Eig. 13 (D) is 
a magnified view ofpart of(C), where the few dark spots are the osmiophilic lipid grannies. Eig. 13 (D') 
also introdnces some other terms for the thylakoid strnctnre: the oppressed region, i.e., the closely ad- 
joined surfaces between the granal sacs, the non-appressedregions of the thylakoids that face the stroma 
either in the lamellar region or at the end region of the grana, and the intra-thylakoid space, the latter is 
also commonly called the “lumen.” Since all grana are interconnected by the nnstacked stroma lamellae, 
the Inmen of each thylakoid region is also connected with the Inmen of all other thylakoid regions. In 
snmmary, chloroplasts may be viewed as consisting of three separate compartments confined by mem- 
branes: first the inter-membrane compartment between the onter and inner envelope membranes; second 
the stroma enclosed by the donble envelope membrane and the inner membrane, and finally the com- 
partment enclosed by the thylakoid membrane network. 

The thylakoids and stroma are the sites of the so-called light and dark reactions of photosynthesis, 
respectively. This compartmentalization of photosynthetic fnnctions was recognized by Park and Pon^* 
when they broke open the chloroplasts, separated the contents into thylakoid and stroma fractions and 
examined their properties. The specific activities of the thylakoids inclnde photochemical reactions, 
electron transport, oxygen evolntion, ATP synthesis and NADP‘ rednction, while the stroma contains 
enzymes for CO 2 fixation driven by ATP and NADPH and other biochemical reactions in the dark. Onr 
nnderstanding and appreciation of the detailed structnre and organization of the thylakoid membranes 
has increased tremendously in recent years. Enrther discnssion of thylakoid strnctnre will be continned 
in section Vll on page 26. 
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Fig. 13. Thylakoid-membrane structure. (A) a (spinach) leaf and (B) a cross-sectional view of the leaf; (C) an electron micrograph 
of a single chloroplast and (O') a sketch showing idealized structure of a chloroplast; (D) magnified view of a portion of the 
chloroplast interior and (O') a sketch showing a portion of the thylakoids. See text for discussion. (C) and (D) kindly furnished by 
Dr. Andrew Staehelin; (D') from Anderson and Beardall (1991) Molecular Activities of Plant Cells. An Introduction to Plant 
Biochemistry, p 42. Blackwell Sci Publ. 
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VI. The Emerson Enhancement Effect and Evidence for Two Photosystems 

For a given photosynthetic process, for instance, oxygen evolution, one may express its efficiency in 
terms of a “quantum requirement,” i.e., number of photons needed for each oxygen molecule produced 
or, more commonly, in terms of its reciprocal, the “quantum yield,” i.e., number of oxygen molecules 
produced per photon absorbed. When quantum yield is measured as a function of the wavelength of light 
used, then one obtains the so-called “action spectrum” for oxygen evolution. In 1943, Robert Emerson 
and Charlton Lewis^^ examined the action spectrum in the visible region for oxygen evolution in the 
green alga Chlorella pyrenoidosa and found the quantum yield remained fairly constant up to 685 nm, 
beyond which it declined sharply, even though there is appreciable chlorophyll absorption up to 700 nm. 
This phenomenon, called the “red drop” by Emerson, was also observed later by Tanada^^ in the diatom 
Navicula minima and by Haxo and Blinks^"^ in green and brown algae. The red drop phenomenon could 
not be easily explained since photosynthesis would be expected to be brought about by the lowest vibra- 
tional state of the first excited singlet state of chlorophyll a, and absorption anywhere within the red band 
should very rapidly lead to this state. 

In 1957 Emerson, Chalmers and Cederstrand^^ found, however, that the yield of photosynthesis in far- 
red light beyond -690 nm could be increased dramatically by supplementary light of somewhat shorter 
wavelength, e.g., at 650 nm, as shown in Eig. 14 for Chlorella. With supplementary light, the yield was 
approximately constant out to longer wavelengths before turning downward. The wavelength where the 
yield declines to one-half the maximum level corresponds to 718 nm in the presence of supplementary 
light, v^. 690 nm in the absence of supplementary light. More significantly, the quantum yield obtained 
by illuminating with light of two wavelengths together was actually higher than the sum of the quantum 
yields obtained when light of either wavelength was applied separately. This important finding is called 
the “Emerson enhancement effect.” Since the wavelength of the supplementary light must be of a shorter 
wavelength than the wavelength of any light which by itself gives a diminished quantum yield, the 
significance ofthe supplementary light could be that the maintenance ofmaximum efficiency ofphoto- 
synthesis requires the excitation of two different pigments or pigment systems, each with a different 
wavelength requirement for excitation and the two systems linked in series. 




Fig. 14. Measured quantum yield of oxygen evolution in 
Chlorella plotted against wavelength of excitation light with 
out and with supplementary light at 650 nm. Figure source; 
Emerson, Chalmers and Cederstrand (1957) Some 
factors influencing the long-wave limit of photosynthesis. 
Proc Nat Acad Sci, USA 43; 1 37. 
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Fig. 15. The Z-scheme for two photosystems: (A) The original Z-scheme of Hill and Bendall (I960); (B) an expanded Z-scheme of 
Hill (1965); (C) a contemporary Z-scheme. (A) modified from Hill and Bendall (1960) Function of two cytochrome components in 
chloroplasts: A wording hypothesis. Nature 186: 137; (B) from Hill (1965) The biochemist's green mansions: the photosynthetic 
electron-transport chain in plants. In; PN Campbell and GD Greville (eds) Essays in Biochemistry, 1. 143. Acad Press. 
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In 1960, Robin Hill and Fay Bendall^® first attempted to summarize the various observations discussed 
above by a provisional “zig-zag” scheme based on a redox-potential diagram, as shown in Fig. 15 (A). 
The scheme proposes two photoreactions in series involving two components, X and Y. At the end of 
one photosystem is the reduction product XH and at the other end an oxidation product YOH. The two 
components, X and Y, whose nature remained obscure at the time, were initially thought to be some 
unspecified forms of chlorophyll. Cytochromes /and 65 , both of which were discovered byHill^^’^®,were 
proposed to act as carriers of reductive power (electrons) in the dark reaction that connects the two 
photosystems as shown by the two-light reaction scheme at the bottom ofFig. 15 (A). It was also postu- 
lated that this reaction is coupled to phosphorylation, a reaction converting ADP to ATP. The normally 
oxidized Cyt b^, would have to be reduced by Y to produce YOH andCyt/oxidized by X to produce XH. 
Each cytochrome was known to be present in chloroplasts at a concentration of 1 per -300 Chls, which 
is consistent with that expected from the concept of photosynthetic unit containing a large number of 
antenna chlorophyll. 

In 1965 Hill^^ elaborated the two-photosystem scheme further as shown in Fig. 15 (B). In this Z- 
shaped scheme, two groups of chloroplast components with known redox potentials were placed at the 
bends of the “Z”: Cyt/, plastocyanin and P700, close to - 1 - 0.4 V, and plastoquinone and Cyt ^ 5 , close to 
0 V. Ferredoxin, with a potential of -0.43 V, is close to the midpoint potential of hydrogen electrode. For 
oxygen production, the midpoint potential of the unknown component must exceed that of the oxygen 
electrode. Over the past thirty years, a variety of Z-schemes have been published in the literature to 
illustrate the electron-transfer processes in green-plant photosynthesis, but their basic features have not 
deviated from that shown in Fig. 15 (B). For instance, we show a currently accepted, concise Z-scheme 
in Fig. 15 (C); it includes many more individual components than were originally envisioned, plus a 
representation of the operation of the so-called Q-cycle in the Cyt-^ig/ complex. 

To explain the Emerson enhancement effect, Govindjee and Rabinowitch^** obtained evidence from the 
action spectra of the enhancement effect the presence of two distinct forms of Chl-a in vivo presumably 
present in two different pigment systems. Soon, new experimental evidence in support of the two-photo- 
system concept was reported independently by Govindjee etal}^ and by Kautsky efa/.^^from evidence 

T-l 'JA -JC 

obtained from fluorescence and by Kok and Hoch , Duysens and Witt based on measurements of 
absorbance changes. We present here two results based on absorbance changes associated with changes 
in the redox state of electron carriers in the chloroplast. 

In 1961, Duysens, Amesz and Kamp^"^ studied the two-light effect on the red alga Porphyridium cruentum 
by monitoring changes of the absorption spectrum that accompany the redox change of cytochrome / 
For excitation of the two photosystems, they used 680 nm and 560 nm lights absorbed predominantly by 
Chi a and by phycoerythrin of photosystems I and II, respectively. The two excitation lights were used 
either separately or together. As seen in Fig. 16 (A), 680-nm light alone caused transmission increase at 
420 nm, indicating oxidation of Cyt/. Turning the 560-nm light also on at the same time caused a 
transmission decrease, indicating Cyf / reduction. The simplest interpretation of these results is that there 
are two pigment systems that respond unequally to light at the two different wavelengths and which 
interact with cytochrome/in an opposing manner. In the presence of DCMU [3-(3,4-dichlorophenyl)- 
1, 1-dimethyliirea], a herbicide inhibitor for oxygen evolution, the reduction of oxidized Cyt /by 560-nm 
light was blocked [Fig. 16 (B)]. In fact, when photosystem II was inhibited by DCMU, the 560-nm light 
actually had a small effect in promoting Cyt/oxidation. 

In the meantime, Witt and colleagues^^’^^ observed similar effects on the redox state of cytochrome / 
when red and far-red light were alternately used for illumination. They also observed similar two-light 
effects with respect to a species that was later identified as plastoquinone, as well as another species, 
“P700” discovered earlier by Kok. Fig. 17 (A) shows the spectroscopic results of the two-light effect on 
P700 in broken spinach chloroplasts. Illumination of chloroplasts with 720-nm light of 0.5-^ec duration 
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Fig. 16. Transmission changes in Porphyhdium cruentum at 420 nm in the absence (A) and in the presence (B) of DCMU. Upward 
deflection is decrease in absorption and reflects the oxidation of cytochrome f. The maximum absorbance change amounts to 
The horizontal bars represent illumination periods. Figure adapted from Duysens, Amesz and Kamp (1961) Two photo- 
chemical systems in photosynthesis. Nature 190: 510. 

elicited an absorption decrease at 704 nm, representing photooxidation of P700. After excitation with 
far-red light, P700 remained for the most part oxidized, as indicated in the trace. A 638-nm flash of 0.04- 
sec duration was then applied, causing a rapid absorption increase and a complete reversal of the original 
absorption change, indicating that the 638-nm light activated photosystem II and generated a reductant 
for P700". The two-light effect or the two-photosystem concept was further supported by the action 
spectrum shown in Fig. 17 (B) for the redox reaction of P700 monitored at 433 nm (instead of 704 nm). 
The results are consistent with the notion that P700 photooxidation occurred as a result of light-induced, 
charge transfer in photosystem I, while the reductant for P700‘ was generated by photosystem II. From 
the slight difference in the profiles of the two action spectra, it was surmised that longer-wavelength 
absorbing forms of Chi a-682 and -695 were present in photosystem I while Chi a-650 and Chi a-678 
could be assigned to photosystem II. 
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Fig. 17. (A) Absorption decrease at 704 nm in broken spinach chioroplasts induced by a 720-nm flash and absorption increase 
induced by a 638-nm flash; (B) action spectrum for the absorption changes due to P700 oxidation and reduction, respectively, 
measured at 433 nm. Figures from Witt (1967) On the analysis of photosynthesis by pulse techniques in the 1(T' to 1CT* second 
range, in: S Claesson (ed) Fast Reactions and Primary Processes in Chemical Kinetics, p 273 and 275. Interscience. 
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Rumberg et al.^^ measured an absorption change due to plastoquinone that is known to be located on 
the reducing side of the PS-II reaction center. An absorption decrease at 254 nm attributable to the 
reduction of plastoquinone could be induced by a 638-nm flash. This photoreduced plastoquinone could 
then be completely reoxidized by far-red light at 720 nm. It was also noted that the electron-transfer 
reactions in the re-reduction of P700*^ and re-oxidation of reduced PQ were kinetically coupled. 

VII. Freeze-Fracture Electron Microscopy of Thylakoid Membranes 

In green plants, light absorption and electron transport take place in chloroplasts in two regions of the 
thylakoid membrane, in the grana consisting of stacked thylakoid membranes and in the stromal lamel- 
lae, as shown previously in Fig. 13 (C) and (D). The thylakoid network suspended in the stroma may be 
looked upon as composed of the intra- thylakoid space, or enclosed lumen by the grana, and the intercon- 
necting stromal lamellae. Structural details of thylakoids have been obtained primarily by electron mi- 
croscopy, using the freeze-etch and freeze-fracture technique. 

We first describe briefly the procedure and terminology used in the freeze-etch technique, viewed 
from the results obtained. Consider a small section of the thylakoid membrane in Fig. 18 (A) and its 
representation in the sketch in Fig. 18 (B), top. Consider also that the thylakoid specimen has been 
quick-frozen by immersion in freon cooled in liquid nitrogen. By sublimation ofthe ice surrounding the 
membrane in a vacuum chamber, a process called “freeze-etching,” the membrane surfaces come into 
view. If, following sublimation ofthe ice, the sample is now mechanically fractured by the impact of a 
microtome knife, a process called “freeze fracture” inner membrane surfaces and the fractured internal 
faces are exposed. The fracture generally takes place along a specific path, namely, the interface be- 
tween the lipid leaflets that is shown by the thick dashed line in Fig. 18 (B), top, as the hydrophobic 
interior along this line has the least resistance to fracture. The fracture faces along the thick dashed line 
are now exposed, showing in the final electron micrograph a complex array of particles of different sizes 
and shapes as sketched in Fig. 18 (B), bottom. These intra-membrane particles have been found to be 
photosynthetically functional protein complexes residing in the thylakoid membrane. 

The two complementary fracture faces are called the E-face (EF) and P-face (PF), where “E” and “E” 
stand for exoplasmic md protoplasmic, respectively. The exoplasmic faces are in regions confined to the 
inner half, whereas the protoplasmic faces are in regions confined to the outer half of the thylakoid 
membrane. All thylakoid membranes have a protoplasmic leaflet (P) and an exoplasmic leaflet (E). Thus 
each leaflet has a true lurface (S) and a fractured face (E). This terminology leads to the designations PS 
or ES for the true membrane surfaces and PE or EE for the fractured faces. In addition, depending on 
whether the thylakoid membrane comes from the _stacked or unstacked regions, a subscript s or u is 
added to the designations for the surface and fractured face. 

When a replica of the fracture faces is viewed in the transmission electron microscope, such as the 
electron micrograph made for the barley thylakoid membrane at 100,000X magnification and shown in 
Eig. 18 (C), the four faces designated as EFu, EFs, PFs and PF^ may appear to be side by side on the same 
plane in the figure, but actually the fracture path jumps from the middle of one membrane to the middle 
of an adjacent stacked membrane, as seen in Figs. 18 (B). In reality, the E- and P-faces are separated by 
a step equal to the thickness ofthe two leaflets, as indicated in the schematic drawing in Pig. 18 (B). 

The four fracture faces in Pig. 18 (C) show imbedded particles of various sizes. In particular, the EFs 
face shows a profusion of- 16 nm-diameter particles. The complementary fracture face PF's contains 
relatively tightly-packed, but rather indistinct and smaller particles. It is known that fractionation of a 
thylakoid membrane disrupted by detergent or by mechanical means yields separate granal and stromal 
fractions. The granal fraction has been found to be enriched in photosystem-11 components and activity. 
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Fig. 18. Freeze-fracture electron micrography of thytakoid membrane. (A) A portion of the chioropiast thylakoids; (B top) a sche- 
matic view of the stacked region of thylakoids frozen in freon at liquid-nitrogen temperature ("freeze etch") and (B bottom) after 
fracture along the thick dashed line by the impact of a microtome knife [freeze fracture]; (C) an electron micrograph of a replica of 
the EF and PF faces such as those shown in (B) bottom; (D) distribution of the four photosynthetic complexes in the various 
fracture faces. (A) kindly furnished by Dr. Andrew Staehelin; Source for (B) and (C): Miller (1978) The photosynthetic membrane. 
SciAm 241: 107. 




28 



while the stromal fraction is enriched in photosystem 1. Extensive stndies of the particles on the varions 
fractnred faces, correlated with biochemical stndies of fractionated membrane components, showed that 
both the 16 nm-diameter particle and photosystem-11 activity are located in the stacked lamellar region. 
In fact, it was fonnd that in mntant plants and algae lacking Chi b, which is fonnd principally in PS 11, 
both LHC 11 and the large particles are missing in the EFs face. These resnlts led to the identification of 
the 16 nm-diameter particle as the PS-11 reaction-center complex bonnd to a fnll complement of the 
light-harvesting complexes. Fig. 18 (D) snmmarizes the distribntion of varions particles in the fractnre 
faces with known thylakoid protein complexes. Besides the association of the PS 11/LHC 11 complex 
with the EL faces, Cyt h(,f was fonnd to be distribnted in both PL and EL faces, while the PS-1 and the 
CFo*F) ATP-synthase complexes were associated with PE faces. 

We now examine some additional resnlts also obtained by freeze-fractnre electron microscopy nsing 
thylakoid membrane fragments. The membrane fragments were obtained either by detergent fragmenta- 
tion and snbseqnent separation by differential centrifngation or by mechanical fragmentation followed 
by separation by “aqueous-polymer two-phase partition.” These studies yielded useful and complemen- 
tary information on the thylakoid-membrane strnctnre itself as well as the fnnctional properties associ- 
ated with the particnlar strnctnre. 

Now we examine resnlts from experiments by Dnnahay, Staehelin, Seibert, Ogilvie and Berg^* nsing 
the oxygen-evolving (OE) chloroplast fragments prepared by the method of Berthold, Babcock and 
Yocnm^^ [the so-called “BBY” thylakoid or particle] and examined by freeze-fractnre electron micros- 
copy. Pnrified broken spinach chloroplasts for obtaining the BBY OE/PS-11 thylakoids by washing and 
snspending them in a bnffer containing 5 mM MgCl 2 [® in Fig. 19 (A)J, then treating them at a Triton 
XlOO-to-Chl ratio of25 at 4 °C in darkness [step ® j. As depicted in the left part of Fig. 19 (A), detergent 
fragmentation of the nnstacked granal end regions apparently leads to the formation of granal membrane 
fractions composed of pairs of appressed membrane fragments [@], in which the Inmenal snrfaces and 
conseqnently the oxygen-evolving complexes exposed to the external environment {cf. Figs. 21 (A) and 
(B) below]. The fact that the OE/PS-11 preparation can be pelleted at relatively low centrifngation speed 
is consistent with the notion that the preparation represents highly enriched granal thylakoid fractions. It 
is important to note that the presence of 5 mM MgCl 2 in the snspending medinm is reqnired to preserve 
the spatial differentiation of the thylakoid membranes, as a lower salt concentration leads to nnstacking 
of the membranes and formation of particles of intermixed membranes. 

Freeze-fractnre electron micrographs in Fig. 19 (B), top, show the freshly prepared BBY thylakoids by 
Triton treatment to be in the form of flat, donble-membrane sheets with flat ends, resembling stacked 
granal membranes bnt withont the margins of the original stack(ing), as depicted schematically in Fig. 
19 (A), step (D. When viewed toward the membrane face, typical EFg and PFs faces appear, bnt virtnally 
no EFu or PFy faces [Fig. 19 (B) bottom]. The particles in the EF^ and PFg faces have the same size and 
density as those of the nnfractionated, control thylakoids, snpporting the notion that the large EF^ par- 
ticles of the PS-ll/LHC-11 complexes originated in the grana. 

Next we examine a chloroplast fragment with a nniqne architectnre whose preparation was pioneered 
by Bertil Andersson and Hans-ErikAkerlnndandcolleagnes"''’’"**. The fractionation procednre is briefly 
as follows. The chloroplasts are first fragmented by a shear force generated by extension throngh a 
needle valve in an apparatns called the “Yeda” press (“Yeda” is the name of the Israeli mannfactnrer) or 
the “French” press (named after Stacy French) [step ® in Fig. 19 (C)]. Again the chloroplasts mnstbe 
placed in a medinm containing simple cations, e.g., 5 mM MgCl 2 or 150 mM NaCl, in order to preserve 
the pairing ofthe appressed membrane after mechanical disrnption and fragmentation, so that the broken 
edges ofthe paired thylakoid membranes may then reseal to form an inside-out vesicle. Likewise, the 
stromal thylakoid membrane fragments also reseal bnt to form a right side-out vesicle [step ® inFig. 19 





outside 
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0 Thylakoids obtained from broken chloroplasts; 
@ Washed thylakoids resuspended in 5 mM MgClj 
and treated with Triton at [Triton/Chl]=25 at 4*C; 
@ Purified grana-thylakoid membrane fragments 
separated by centrifugation. 



appressed 



Resealing 



appressed 



0 Thylakoid fragmentation in "Yeda" press (see legend in top box); 

0 Resealing of thylakoid-membrane fragments; ' 

@ Phase partition of resealed thylakoid fragments into 

"rightside-out" and "inside-out" vesicles in the top and bottom phases, respectively 



Fig. 19. Chloroplast thylakoid-membrane structure revealed by freeze-fracture electron microscopy. The oxygen-evolving (BBY) 
PS-II particle: its preparation (A) and electron micrographs (B). The inside-out and rightside-out vesicles: preparation, structure, 
and properties (C) and electron micrographs (D). Figure source: (A) and (B) Dunahay, Staehelin, Seibert, Ogilvie and Berg (1984) 
Structural, biochemical and biophysical characterization of four oxygen-evolving photosystem tl preparations from spinach. Biochim 
Biophys Acta 764: 190, 185; (C) and (D) from Andersson and Akerlund (1978) Inside-out membrane vesicles isolated from 
spinach thylakoids. Biochim Biophys Acta 503: 465, 468. Figure (B) kindly furnished by Dr. Andrew Staehelin. 
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(C); actual forms shown after step Q)]. The top box in Fig. 19 (C) shows the various structural features of 
the thylakoid membrane and the symbols and terms for various steps in the resealing processes. 

The resealed vesicles were then fractionated. Instead of using centrifugation, which is the most com- 
mon method of fractionation and is based on the sizes and densities of the membrane fragments, the 
aqueous-polymer two-phase partition developed by Per-Ake Albertsson"^^ was used. This method sepa- 
rates the fragments on the basis of their surface properties [step (D in Fig. 19 (C)]. The partition system 
consists of two water-soluble polymers (dextran and polyethylene glycol) in a phosphate buffer that also 
contains various salts and either sucrose or sorbitol. A mixture of appropriate overall composition gives 
rise to two immiscible phases, each enriched in one or the other polymer and each phase being -85-99% 
water. Attaining optimal phase composition requires consideration of the type and concentration of the 
polymers, ionic composition, temperature, etc. The phase-partition technique has since been success- 
fully applied to the separation of various macromolecules, cells and organelles and their fragments and 
depends mainly on differences in surface properties of the constituents that are to be separated. 

Separation of the disrupted and resealed thylakoid-membrane vesicles is depicted in Fig. 19 (C), step 
®. About 2/3 of the thylakoid material is partitioned to the top phase T1 and 1/3 to the bottom phase Bl. 
Each phase may be re-partitioned to further increasingly enrich one or the other type of vesicle, the 
number of re-partitions being designated by a number after T(op) or B(ottom). Typically, 55 and 20% of 
the thylakoid material is recovered in phases T2 and B3, respectively, as shown in Figure 19 (C). 

Akerlund, Andersson and Albertsson"^^ analyzed the chemical composition and photochemical activity 
ofthe partitioned vesicles and found that the B3 vesicles were highly enriched in photosystem II, while 
the T2 vesicles were slightly enriched in photosystem I. Furthermore, the authors observed strikingly 
different behavior between the vesicles from the two phases with respect to light-induced proton trans- 
location. As measured by a pH-electrode, the medium containing T2 vesicles showed a reversible light- 
induced pH increase (loss of protons) in the medium, while the B3 vesicles showed a reversible pH 
decrease, or proton extrusion (gain in protons in the external medium), as shown in Figure 19 (C), right, 
immediately to the right ofthe sketch for each appropriate phase. Independent confirmation of the in- 
side-out nature of the B3 vesicles was reported by Graber, Zickler and Akerlund"^"*, who found that light- 
induced charge separation across the membrane bilayer was exactly opposite to that found in normal 
thylakoids. Similar behavior in proton movement was also observed by measuring absorption changes 
of suitable pH-indicator dyes. 

A more direct confirmation of the inside-out character of the B3 vesicles was provided by freeze- 
fracture electron microscopy. Representative replicas ofthe T2 and B3 vesicles are shown in Fig. 19 (D). 
As expected for the B3 inside-out vesicles, large distinct particles appear in the EF faces next to the 
intra-thylakoid space [Fig. 19 (D), left], while closely packed small particles appear in the PF faces next 
to the stroma [Fig. 19 (D), right]. A large number of vesicular faces were examined and the results 
revealed that on average the B3 fraction contained 74% inside-out and 26% rightside-out vesicles while 
the T2 fraction contained 89% rightside-out and only 11% inside-out vesicles. 



VIII. Composition of Thylakoid Membranes - Lipids, Proteins and Electron Carriers 

In this section we will discuss the three major classes of the various constituents of the thylakoid 
membrane, namely lipids, proteins and electron carriers. All the essential constituents are listed in Tables 
1 to 5. Since most of these constituents or complexes will be discussed in more detail in later chapters, 
the tables simply serve as a convenient listing of these components for easy reference. A new volume by 
Siegenthaler and Murata"^^ should be consulted for the structure and function of lipids. 
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The Lipids: Lipids, water-insoluble organic compounds, make up about 50% of the thylakoid mass. 
Thylakoid-membrane lipids have distinctly hydrophilic heads. The neutral galactolipids, monogalactosyl 
diacylglycerol (MGDG) and digalactosyl diacylglycerol (DGDG) together account for -80% of the lipid 
composition of the thylakoid membrane, with the anionic sulfolipid, sulfoquinovosyl diacylglycerol 
(SQDG), and the phospholipid, phosphatidyl glycerol (PG), accounting for -10% each. There may also 
be a small percentage of phosphatidyl choline, but its authenticity remains uncertain. The double enve- 
lope membranes of chloroplasts, on the other hand, are composed mostly of phospholipids. The four 
major thylakoid lipids, including their full names, abbreviations and structures are listed in Table 1. 

The galactolipids are known to be distributed asymmetrically in the lipid bilayer - about 60% of the 
galactolipids are present in the outer leaflets and 40% in the inner leaflets of the thylakoid-membrane 
bilayer. The strong interaction between the head-groups of the galactolipid molecules determine their 
packing properties and enhance the stability of the membrane. Formation of the bilayer structure of the 
thylakoid membrane also depends on the presence of proteins. Another characteristic of the thylakoid 
lipids is their high content ofthe trienoic acid, (C18:3) a-linolenic acid, which contributes to the fluidity 
of the membrane, necessary for the diffusion of lipophilic compounds such as plastoquinone, and the 
lateral diffusion of protein complexes. 



Table I. Major lipids of the thylakoid membrane 



HjCO® 

HCO-CO-C^Hj, X = HO^ 

HjCO-CO-C, 7H29 
Diacylglycerol 


JHjOH 

Monogalactosyl 

^ diacylglycerol 45-50% 

y (MGDG) 

OH 


X 

1 

X 


H,OH 
0 

\r°“ f”' Digalactosyl 

III y \j- diacylglycerol 25-30% 

OH V°H / ' (DGDG) 

OH 


X 

1 

X 


H,SO,' 

0, Sulloguinovosyl 

)H )T diacylglycerol s 10 % 

Y (SQDG) 

OH 


0- 

X= -p-0-CH2-CH(0H)CHj0H Phosphatidyl glycerol =10% 

0 
9’ 

.. X - -p-O-CHjCHjN^CHj), Phosphatidyl choline ? 

0 



Protein complexes: The presence of protein complexes in the thylakoid membrane has been deduced 
from freeze-fracture electron microscopy as well as from biochemical studies. Each ofthe five major 
complexes contains multiple proteins and prosthetic groups. The number of proteins range from three in 
the LHC 11 complex to five or more complexes in cytochrome bf,/, nine in the ATP-synthase complex 
and a little over 20 each in the PS-11 and PS-1 complexes. Many of the protein components will be 
discussed in detail in later chapters. For the present, we merely list the currently known protein compo- 
nents ofthe five complexes in Tables 2 to 5. The common names, molecular mass in kilodaltons, encod- 
ing genes, and some remarks about their functions or factors are also included in the tables. In addition. 
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later chapters that deal specifically with the particular protein complex are indicated in the right margin. 

Most proteins in the PS-II complex are membrane spanning, hut the three extrinsic proteins that are 
involved in oxygen evolution are located on the lumenal side of the thylakoid membrane. Although most 
proteins in the PS-I complex are also membrane-spanning, a few are located toward the stromal side of 
the thylakoid membrane, e.g., the iron-sulfur proteins that contain FeS-A and FeS-B and the Fd-docking 
protein. On the other hand, some mobile electron-transfer proteins are present on one side or the other of 
the membrane, with Fd present on the stromal side and near the ferredoxin-NADPAreductase (FNR) and 
the FNR-binding protein, and the copper-protein electron carrier, plastocyanin (PCy), present on the 
lumenal side, close to the PS-I primary donor P700. 

Note that LHCII is a separate light-harvesting complex, which supplements the inner antennae (CP29, 
CP26, CP24 and CP22) associated with the PS-II complex. The presence of this separate LHC II com- 
plex has been confirmed by the results of freeze-fracture experiments obtained with thylakoid mem- 
branes of both wild-type and mutant plants. The PS-II inner antenna complex and the LHC-II complex 
appear as distinctly different classes of membrane particles. On the other hand, the LHC-I proteins 
associated with the PS-I complex appear to be complexed to the PS-I reaction center, much as the inner 
antennae of PS II are complexed to the PS-II reaction center. 

Electron carriers and electron-transfer proteins: Electron-transfer reactions in photosynthesis involve 
electron carriers or electron-transfer proteins, including, among others, quinones, cytochromes, and iron- 
sulfur proteins. In the following, we present a summary of the carriers or associated proteins that are 
primarily involved in photosynthetic electron-transfer reactions, along with a listing in Fig. 20. Al- 
though ATP is not an electron carrier, it is included in the figure to remind us of the common compo- 
nents present in the structures of ATP and NAD(P)'" molecules [see Fig. 20 (A)]. 

Photosynthetically active quinones include plastoquinone of green-plant photosystem II, ubiquinone 
and menaquinone in photosynthetic bacteria, and phylloquinone in photosystem I. Plastoquinone is present 
in green-plant photosystem II both as a tightly-bound and a loosely-bound electron carrier, designated 
and Qr, respectively. is photoreduced only to the semiquinone (PQ* ) but Qr can accept two 
electrons, forming the plastohydroquinone (PQ-H 2 ) [see Chapters 5, 6 and 16 for further discussion]. 
Plastohydroquinone PQr'H 2 is the final reduction product of photosystem II and goes on to reduce the 
cytochrome 6^/ complex as part of the electron transport and proton translocation processes [see Chapter 
35 for detailed discussions]. 

Ubiquinone (UQ), also known as coenzyme Q, has a benzoquinone structure with a long side chain. 
The name “ubiquinone” is for the ubiquitous nature of the quinone. Some bacteria also contain 
menaquinone (vitamin K 2 ), either in addition to ubiquinone or in place of it. For instance, the reaction 
center of Rhodopseudomonas viridis contains one ubiquinone and one menaquinone, while in some 
other bacterial reaction centers both quinones are ubiquinones. Menaquinone has a naphthoquinone 
structure with a long isoprenoid side chain. The long hydrocarbon side chains in ubiquinone and 
menaquinone render a high degree ofhydrophobicity to these molecules. 

All the quinones can undergo one-electron reduction to form a semiquinone which depending on the 
pH and the nature of the binding site, the semiquinone can either remain as an anion or become a neutral 
semiquinone, i.e., Q*” or QH*. Various possible pathways for reduction are illustrated with benzoquinone 
in Fig. 20 (B), right. The fully reduced hydroquinone may be non-protonated (di-anionic), singly proto- 
nated or fully protonated and electrically neutral. 

In photosystem I, the primary electron acceptor is a monomeric chlorophyll called A^. The secondary 
electron acceptor is a bound phylloquinone (abbreviated as cDQ in this book), whose in situ quinone/ 
semiquinone redox potential has been estimated to be < -0.8 1 V. Phylloquinone has the samephytol side 
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Table 2. Protein components of photosystem II 



Protein components 


M.M., kOa 


Gene 


Remarks 


Chptr 


01 (M) 


32 


psbA (C) 


RC core: P680, <t>, Ob, Yj. Mn (?) 


11 


02 (M) 


34 


psbD (C) 


RC core: P680, <t>, Q„ Yo, Mn (?) 


Cyt /J 55 ,(a) (M) 


9 


psbE{C) 


RC core b-heme; photoprotection (?) 


15 


Cyt (p) (M) 


4 


psbF iO 


" 


PS ll/H-protein (M) 


7.7 


psbH{C) 


Photoprotection 


11 


PS ll/l-protein (M) 


4.8 


psbl(C) 


RC core (?) 


PS ll/J-protein (?) 


=4 


psbJ{C) 


PS il assembly 




PS ll/K-protein (M) 


4.3 


psbK iO 


” ; PS II stability 




PS ll/L-protein (M) 


4.3 


psbL (C) 


Involved in 0;^ function 




PS ll/M-protein (M) 


3.8 


psbM (C) 


? 




PS ll/N-proteln (M) 


4.7 


psbN (C) 


? 




PS ll/R-protein (M) 


10 


psbR(N) 


Docking extrinsic subunits (?) 




Oxvoen-evoMna comolexes 
33-kOa extrinsic protein (L) 


33 


psbO{N) 


Stabilizes Mn** cluster; binds Ca** and Cl' 


21 


23-kOa extrinsic protein (L) 


23 


psbP (N) 


Binds Ca*' and Cl'; absent in cyanobacteria 




16-kOa extrinsic protein (L) 


16 


psbO (N) 






Liaht-harvestino comolexes 
CP47 (M) 


47 


psbB iC) 


Core antenna, excitation-energy transfer 




CP43(M) 


43 


psbC (C) 




CP29/LHC lla(M) 


29 


Lhcb4{N) 


Inner antenna for excitation-energy transfer; 
binds Chls and carotenoids 


12 


CP26 / LHC lie (M) 


26 


LhcbS(N) 




CP24/LHC lld(M) 


24 


Lhcb6{N) 




LHC llb-2B kOa (M) 


28 


Lhcb1{N) 


LHC llb-28 kOa and LHC llb-27 kOa are known 




LHC llb-27 kOa (M) 


27 


LhebZiN) 


collectively as "LHC II,' an outer antenna 




LHC llb-25 kOa (M) 


25 


Lhcb3{N) 







(M), (S) and (L) denote a mannbrane-spanning component or a component located at the stromal or jumenal 
surfaces, respectively; (N) and (C) denote nuclear and chloroptast encoding, respectively. 



Table 3, Protein components of photosystem I 



Protein components 


MM, kOa 


Gene 


Remarks 


Chptr 


PS l-A (M) 


83 


psaA (C) 


This heterodimer binds P700, A^ (Chi), A,. FeS-X, 


25/ 


PS l-B (M) 


82 


psaB (C) 


slOO Chi a, 12-15 P-carotenes. 


26 


PS l-C (S) 


8.9 


psaC (C) 


[4Fe-4S) electron acceptors, FeS-A and FeS-B 


29 


PS l-D (S) 


18 


psaD (N) 


Ferredoxin docking 




PS l-E (S) 


9.7 


psaE (N) 


Cyclic e'-transport; ferredoxin docking (?) 


34 


PS l-F (L?) 


17 


psaF{N) 


Plastocyanin docking 


PS l-G (M) 


11 


psaG (N) 


Present in green plants only 




PS l-H (S) 


10 


psaH(N) 


Present in green plants only 




PS l-l (M) 


4.6 


psal (C) 


? 




PS l-J (M) 


3.3 


psaJ{C) 


Interacts with PS l-E and -F 




PS l-K (M) 


5.6 


psaK[N) 


Interacts with PS l-A and -B 




PS l-L (M) 


15.4 


psaL (N) 


Trimer formation 




PS l-M (M) 


3.5 


psaM 


Present in cyanobacteria only 




PS l-N (M) 


4.8 


psaN 


Present in cyanobacteria only 




PS 1-0 (M) 


9.0 


psaO (N) 


Present in green plants only 




Perioheral oroteins 
Ferredoxin (Fd) (S) 


23 


petG (N) 


FeS protein 




Fd NADP' reductase [FNR] (S) 35.4 


petH(N) 


Ferredoxin-NADP'reductase 


34 


FNR-binding protein (S) 


17.5 


pef/(N) 


Binds ferredoxin-NADP'-reductase 


Plastocyanin (PC) (L) 


10.2 


pe(F(N) 


A mobile Cu-containing electron-transport protein 




PS-1 inner antennae 
LHC l-l (M) 


22 


Lhca1{N) 


LHC 1 proteins; bind Chls and carotenoids 




LHC l-ll (M) 


23 


Lhca2(N) 


Excitation-energy transfer 


27 


LHC l-lll (M) 


25 


Lhca3{N) 


" 


LHC l-IV (M) 


22 


Lhca4 (N) 










34 



Table 3. Protein components of photosystem I (continued) 



Pholosvsiem-I Liahl-harveslina comolexes 






LHC lb / LHC 1-730 (M) 


22 


Lhca1{N) 


LIght-harveslIng chlorophyll-protein complex; LHC II binds 




? /LHC 1-680 (M) 


23 


Lhca2{N) 


6-8 Chl a, 6 Chi b. 2 luteins, one neoxanthln; DGDG and PG; 


27 


LHC la /LHC 1-680 (M) 


25 


Lhca3{N) 


PG Is necessary (or trimerizatlon of LHC II 


LHC lb /LHC 1-730 (M) 


23 


Lhca4 (N) 







Table 4. Protein components of the cytochrome bg^complex 



Protein components 


M.M., kOa 


Gene 


Remarks 




Cyt /(M) 


31.3 


petA (C) 


c-type heme 




Cyt b, (M) 


23.7 


petB (C) 


b-type heme 




Rieske FeS-prolein (M) 


18.8 


pete (N) 


[2Fe-2S] protein 


35 


Subunit IV (M) 


15.2 


petD (C) 


Quinone-binding protein 




Subunit V (M) 


4 


petE{C) 


Involved in (unction 





Table 5. Protein components of the ATP synthase 



Protein components 


M.M., kOa 


Gene 


Remarks 




CF,-a (S) 


55.4 


atpA (C) 


3 molecules per complex; regulation 




CF,-p(S) 


53.9 


atpB (C) 


" ; catalytic site 




CF,-y(S) 


37 


a(pC(N) 


1 molecule per complex; regulation 




CF,-8 (S) 


27.7 


atpD (N) 


" " 




CF,-£ (S) 


9.7 


psaE (C) 


“ ; inhibitor of ATPase 


36 


CFq-I / b-subunit (M) 


17 


atpF{C) 


bridging subunits between Fq and F, 




CFo-ll / b'-subunit (M) 


16.5 


atpG (N) 


■ 




CFo-lll/ c-subunit (M) 


8 


atpH(C) 


9-12 subunits per complex 




CFo-IV/a-subunit(M) 


27 


atpl(C) 







chain as chlorophyll. The phylloquinone acceptor will he discussed in detail in Chapter 33. Reduced 
phyllosemiquinone transfers an electron to an iron-sulfur protein called FeS-X, which has a redox-po- 
tential value of ~ -0.73 V. 



Redox-active amino acids are now recognized to play important roles in many biological electron- 
transfer reactions. In 1988, Bridgette Barry and Gerry Bahcock"^^ used EPR spectroscopy to demonstrate 
the involvement of an isotope-laheled tyrosine radical in the water-splitting reaction in photosystem II of 
the cyanobacterium Synechocystis 6803. The manganese cluster directly responsible for the release of 
oxygen from water is apparently oxidized by P680’ via this redox-active amino acid [see Fig. 20 (C) 
left]. The oxidized tyrosine cation radical formed by P680*^ is responsible for the “Sll-type” EPR signal 
(see Chapter 22 for detailed discussion of this subject). The tyrosine cation radical has also been identi- 
fied by optical spectroscopy"^^ as the immediate donor to P680 *' (see Chapter 23). Tyr-161 of the D1 
protein has been identified as the redox-active amino acid on the donor side of photosystem II by site- 
directed mutagenesis (see Chapter 22, Section II. B. for details). 

As indicated above, tyrosine is able to transfer an electron to photooxidized P680" in PS II. The oxi- 
dized tyrosine in turn can receive an electron coming from the splitting of water via the manganese 
cluster. The structure of the manganese cluster has been intensively studied by many including Ken 
Sauer and Mel Klein"^^ and their colleagues, using x-ray absorption edge spectroscopy (XAES) and ex- 
tendedxrray absorption fine structure spectroscopy {EXAFS) [(see Chapter 20 for detailed discussion on 
the structure and function of the manganese cluster]. During the oxidation of water, the Mn-cluster is 
transformed step-wise from the initial oxidation state Soto four, increasingly higher oxidation S-states 
called the S|, S 2 , S 3 and S 4 , the latter spontaneously reverting to the Sg-state with the release of a mole- 
cule of oxygen. The change of the Mn oxidation states during S-state transitions will be discussed in 
Chapters 19 and 22. 
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Cytochromes are versatile, electron-transfer proteins containing a heme, i.e., a macrocyclic tetra- 
pyrrole coordinated to an iron atom, as the prosthetic group, similar to that found in hemoglobin and 
myoglobin. According to their characteristic absorption spectra and chemical composition, cytochromes 
may be divided into three groups, namely, cytochromes-a, -b and -c. Cytochromes transfer electrons 
with a change in the oxidation state between Fe (III) and Fe (II) in the heme. 

In photosynthetic organisms, mainly b- and c-type cytochromes are found. Although protoporphrin IX 
is the prosthetic group in both types [see Fig. 20 (D), left], there are slight differences in its composition. 
In the h-type cytochromes, both R, and are vinyl groups. The central iron atom, in addition to being 
coordinated by fourN-atoms ofthe tetrapyrrole, is also axially ligated to two histidine residues from the 
protein [see Fig. 20 (D) center]. Cytochrome in particular, consists of two h-hemes, which allow the 
embedded cytochrome to provide a redox chain spanning the membrane. In a c-type cytochrome such as 
cytochrome /"[see Fig. 20 (D) right], the -SH^ group of a protein cysteine residue is added to each ofthe 
two vinyl groups ofthe heme, thus covalently binding the heme to the protein through a sulfur bridge. In 
addition, the central Fe atom is axially coordinated to a histidine residue and to a terminal amino group 
ofthe protein [see Fig. 20 (D) right for cytochrome/]. 

Iron-sulfur proteins, also called nonheme-iron proteins, are widely occurring, redox-active proteins, 
containing iron-sulfur clusters as the prosthetic groups. The clusters consist of equal numbers ofiron and 
sulfide ions, with the iron atoms being coordinated to the protein through cysteine residues. The two 
most common types of iron-sulfur clusters, the [2Fe-2S] and [4Fe-4S] types, are each coordinated to 
four cysteine residues, and thus may be written as [(2Fe-2S)-(S-Cys)4] and f(4Fe-4S)-(S-Cys)4], respec- 
tively, as illustrated in Fig. 20 (E). 

Chloroplast ferredoxin containing the [(2Fe-2S) (S-Cys) 4 ] cluster is one common type of iron- sulfur 
protein. Another [2Fe-2S]-type protein is the Rieske iron-sulfur protein, present in the Cyl A^i/complex 
as well as the Cyt hc^ complex. The pair ofiron atoms in the cluster ofthe Rieske iron-sulfur protein are 
bound to two cysteine and two histidine residues, in addition to two sulfur atoms. The three-dimensional 
structures of ferredoxins and that ofthe Rieske iron-sulfur protein have been determined by X-ray crys- 
tallography (see Chapters 34 and 35, respectively, for the structure ofthe chloroplast ferredoxin and the 
Rieske iron-sulfurprotein). The sulfide ions in iron-sulfurproteins are acid-labile', this provides a simple 
means for detecting the iron-sulfur proteins, as the sulfide is released as H 2 S upon acidification. The 
oxidized and reduced states ofiron-sulfur clusters differ byjust one unit offormal charge, corresponding 
to Fe^'^ and Fe^*. Iron-sulfurproteins are commonly characterized by optical absorption, circular-dichro- 
ism, EPR, Mossbauer spectroscopy, EXAFS etc. 

Plastocyanin is a low molecular-mass (10.5 kDa), copper-containing protein discovered by Sakae 
Katoh"*^ in Chlorella ellipsoidea in 1962. Plastocyanin is present in chloroplasts, as well as in cyanobacteria 
and red algae, but not in photosynthetic bacteria. When copper is lacking in the culture medium for some 
algae and cyanobacteria, for example, Scenedesmus, a soluble c-type cytochrome, which is similar to 
plastocyanin in molecular size as well as redox potential, may be formed as a substitute for plastocyanin. 
Its role is to mediate electron flow from cytochrome / of the 65 /complex, to P700* of photosystem I. 
Electron transfer via plastocyanin occurs as a one-electron change in the oxidation state of its copper 
atom, which is coordinated at the active site by two nitrogen atoms from a pair of histidines and two 
sulfur atoms, one from a cysteine residue and the other from a methionine residue of the protein, as 
shown in Fig. 20 (F). Plastocyanin is a water-soluble protein, located in the lumen region and complexed 
to P700 through electrostatic attraction to facilitate rapid electron transfer to P700\ Plastocyanin will be 
presented in Chapter 34. 




36 



Adenosine triphosphate (ATP), nicotinamide adenine dinucleotide (NAD*), and nicolinamide adenine dinucleolide phosphate (NADP* 






N 

\\ c-H 0- 0- 

/ II 

CH,0 — P-0— P— O— 

\ / li li 



h^L-Vh 

/ \ 



0 * 

•• P-0- ATP 
II 
o 



oxidized form 



r,. , 

I 0 

C — C— NH, +2e' + H‘ 

NAD*; II I 
NADP* 

1 + 



X-H in ATP, NAD*; 
X.PO3* in NADP* 



--OCH, C ^ H C— 

» V—'/ « 

/ \ 

OH OH 



H H 

V o 

c'^ '^C— C— NH, 

II II 



Quinones 



Plastoquinone 
(PQ-9 shown) 



|CH,-CH=C-CH,1,H 



Ubiquinone 
(UQ-10 shown) 



ICH,-CH-C-CH, I ,,-H 



■ (CH,-CH=CCH, I ,-H Menaquinone 
CH, CH, 

CH, CH-C CH, ICH,-CH,-CH CH, | ,-H 

Phylloquinone 




Redox-active amino acids (in water splitting) 



Tyrosine 



Histidine 




coo- 

I 

H-C-CH, 



coo- 

I 

H-C-CH, 

I 

NH,* 




0~ oxygen 



Fig. 20 (to be continued on the next page) 










Chapter 1 Photosynthesis: An Overview 



37 




Fig. 20. Structure of photosynthetic electron carriers and electron-transfer proteins: (A) ATP, NAD' and NADP*; (B) quinones; 
(C) redox-active amino acids tyrosine and histidine; (D) cytochromes b, and f \ (E) iron-sulfur proteins; and (F) the copper protein! 
plastocyanin. 
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IX. Lateral and Transverse Asymmetry of Thylakoid Membranes 

Freeze-fracture electron microscopy of thylakoid membranes has clearly revealed an asymmetric 
lateral distribution of the various photosynthetic complexes in the granal and stromal membranes, i.e., 
the distribution of the protein complexes in the membrane is nonrandom. This “lateral asymmetry” was 
further substantiated by the results of electron microscopy ofthe inside-out vesicles discussed in Section 
VII. These findings by electron microscopy are summarized by the model shown in Fig. 21 (A). It is a 
transverse cross section of the thylakoids shown earlier in Fig. 13 (D) and (O'), with the various photo- 
synthetic protein complexes appropriately placed in the granal and stromal regions. 

As shown in both Fig. 21 (A) and (B), there are five major protein complexes in the thylakoid-mem- 
brane network: (1) the photosystem-II core with bound inner antennae (collectively designated as “PS 
11”), (2) the photosystem-I core with bound antennae LHC I (collectively designated as “PS I”), (3) the 
cytochrome Ag/complex, (4) theCFo'CF, ATP-synthase and, finally (5) a separate, peripheral light- 
harvesting, chlorophyll-protein complex called “LHC II” that supplements the inner antennae bound to 
the photosystem-II reaction center . 

The model in Fig. 21 (A) shows that the PS-II complexes are present mainly in the appressed region of 
the thylakoid membrane, while the PS-I complexes are in the non-appressed, stromal region of the 
membrane. The Cyt Z»^complexes are, on the hand, distributed almost equally among the appressed and 
non-appressed membranes. The CFo’CFi ATP synthase complex is present exclusively in the stromal 
part ofthe thylakoid membrane. More than twenty years ago Miller and Staehelin^** found that the ATP- 
synthase part ofprotein complex was lollipop-shaped, with the knob protruding from the non-appressed 
thylakoid membrane into the stroma. A typical distribution of the five major complexes between the 
appressed and non-appressed regions is summarized in the accompanying table in Fig. 21 (A). 

Ofthe five protein complexes, four are involved in the photochemical and electron-transport reactions 
while the fifth, the CFo'Ch’i complex, uses aphotoinduced, proton gradient to synthesize ATP. With this 
model we may go through the sequence of events in the photochemical and electron transport reactions 
taking place in green-plant photosynthesis. To facilitate the discussion, one segment ofthe thylakoid 
membrane containing the five protein complexes is depicted in Fig. 21 (B) along with the Z-scheme in 
Fig. 21 (C) incorporating the major reaction components. 

Absorption of a photon by the LHC-II/PSII complex initiates a charge separation to form the oxidized 
P680^ and the reduced O [“O” by itself is used as the symbol for apheophytin molecule in this book], 
P680\ through the manganese cluster (“[Mn^]”), i.e., the oxygen-evolving complex, and tyrosine, Y/, 
splits water molecules by successively extracting four electrons from two molecules of water to release 
one molecule of oxygen, and four protons into the (inside) lumen space [see Fig. 21 (B)j. The extra 
electron on O' is very rapidly transferred to a bound (primary) plastoquinone, designated as “Qa”, 
which in turn passes this electron to a loosely bound (secondary) plastoquinone (Qb) [see Fig. 21 (C)j. 
For every pair of water molecules decomposed, two fully reduced and protonated plastoquinol mol- 
ecules are formed. When Qb has acquired two electrons from Qa in two successive photoacts and ex- 
tracted two protons ultimately from the stroma phase, it becomes the fully reduced plastohydroquinone 
(orplastoquinol), Qb'1 I 2 . The PS-II complex is also called the“water-plastoquinone oxido-reductase.” A 
detailed discussion of the electron transfer reactions involving Qa and Qb of PS II is presented in Chap- 
ter 16. 
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The Cvt hk f complex lying between PS 11 and PS 1 in the electron-transport system resembles the 
Cyl bc\ complex of mitochondria and photosynthetic bacteria. These cytochrome complexes possess one 
Rieske iron-snlfnr protein “R-FeS” (a [2Fe-2S] protein discovered by John Rieske) and a so-called snb- 
nnit IV. The two h-hemes of Cyt bf, and the snbnnit IV span the thylakoid membrane, while the R-FeS 
and Cyt/ are located near the Inmen side. As previonsly noted, the placement of the h-hemes across the 
thylakoid membrane helps form a redox chain across the membrane. The fnnction of the Cyt 65 / com- 
plex in green-plant thylakoids is to oxidize the plastohydroqninone formed by PS 11 and to transfer these 
electrons to plastocyanin. Accordingly, the Cyt b(,f complex has therefore also been called the 
“plastohydroqninone-plastocyanin-oxidorednctase.” 

When the plastohydroqninone becomes fnlly oxidized at the Inmenal snrface ofthe membrane, it loses 
two electrons and also releases two protons to the (inside) Inmen phase. Thns accompanying the rednc- 
tion of one plastoqninone molecnle by PS 11 and its snbseqnent reoxidation, there is a net transfer of two 
protons from the (ontside) stromal phase into the (inside) Inmen phase. Thns with the splitting of two 
water molecnles by PS 11 to form one oxygen molecnle, fonr protons are translocated across the mem- 
brane. As mentioned above, oxidation of two water molecnles also releases an additional fonr protons 
into the Inmen space. Thns water splitting and plastoqninone rednction/re-oxidation resnlt in the genera- 
tion of eight protons and the creation of a proton gradient across the thylakoid membrane. 

As indicated, above, the two h-hemes of the Cyt b^ complex provide a pair of reacting sites spanning 
the thylakoid membrane, one near the stromal side and the other near the Inmenal side of the thylakoid 
membrane. The plastohydroqninone is first oxidized by the Rieske FeS to a semiqninone, which is then 
oxidized by cytochrome/, which then releases the electron to the copper protein plastocyanin. After loss 
of one electron by the plastohydroqninone, the resnlting semiqninone loses an electron to the two 
h-hemes in series. The h-hemes operate in the so-called “Q-cycle,” similar to that in the mitochondrial or 
bacterial cytochrome bc^ complex, and provide a translocation of additional protons across the mem- 
brane into the Inmenal space. Discnssion ofthe cytochrome /)*/ complex and the Q-cycle will be pre- 
sented in Chapter 35. 

At the time PS 11 absorbs a photon, PS-1 complex also absorbs a photon, resnlting in a charge separa- 
tion to form the oxidized primary electron donor P700* and the rednced primary electron acceptor Aq . 
The oxidized primary donor P700'^ is then rednced by an electron from rednced plastocyanin. The elec- 
tron on the primary acceptor Aq is rapidly transferred step-wise throngh a series of acceptors consisting 
of a phylloqninone (0»Q), three iron-snlfnr clnsters in FeS-X, FeS-A and FeS-B, and finally ferredoxin 
(Fd) which rednces NADP* to NADPH in a reaction catalyzed by NADP* -ferredoxin reductase (FNR). 
The PS-1 complex is also called the “plastocyanin-ferredoxin oxido-rednctase.” 

The PS-11 and PS-1 complexes are linked by two mobile electron carriers: plastoqninone and plasto- 
cyanin to make a chain for electron transfers throngh the two photosystems, resnlting in oxygen evoln- 
tion at the PS-11 end and NADP^ rednction at the PS-1 end. Electron transfer from PS 11, throngh the Cyt 
Z?(^/complex and then to PS 1 follows a Z-shaped pathway, as shown by the thin-lined letter “Z” in Fig. 21 
(B), passing throngh three ofthe complexes. The Z-scheme [also see discnssion in section VI above] is 
a convenient formalism for describing the photosynthetic electron pathway. In reality, the snpramolecn- 
lar complexes are segregated into different regions of the thylakoid membrane and the so-called non- 
cyclic electron transfer from PS 11 to PS 1 in the Z-pathway actnally reqnires the small, mobile electron 
carriers to act as shnttles between the appressed and non-appressed regions ofthe thylakoids. 

Electrons released from the splitting of water on the Inmen side {i.e., the inside) of the thylakoid 
membrane are passed throngh the electron-transport chain involving plastoqninone, the cytochrome b(J~ 
complex and plastocyanin, to photosystem 1 and then to ferredoxin and eventnally NADP*. The overall 
electron flow is linear and vectorial, from the oxygen-evolving apparatns on the inside toward NADP* 
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on the outside. The consequence of this vectorial electron flow, or displacement of electric charges, is 
the creation of an electric potential across the membrane, with positive charges on the inside and nega- 
tive on the outside. A proton gradient is also developed across the membrane to create an additional 
electrostatic potential across the membrane. First, protons formed by the oxidation of water are released 
to the inside, resulting in an acidification ofthethylakoid lumen space. In addition, protons are extracted 
from the outside, leading to the formation of PQII 2 , and are ultimately released on the lumenal side 
during the reoxidation of this PQI I 2 . The end result is establishment of a proton gradient across the 
thylakoid membrane, which provides potential energy for doing chemical work. 

A fourth complex, the ATP synthase, utilizes the proton gradient (ApH) and the membrane potential 
(AH') created to convert ADP into ATP. The ATP-synthase complex, present exclusively in the non- 
appressed thylakoid membrane facing the stroma, can be readily seen in electron micrographs as lolli- 
pop-shaped knobs protruding into the stroma. As noted, accompanying electron transfer in the chloro- 
plast thylakoid membrane, there is proton transport from the stroma into the intra-thylakoid space, or 
lumen. Since the intra-thylakoid space is narrow and the volume of the flattened thylakoid lumen is 
small, even a small influx of protons results in a large change in proton concentration, i.e., in pH, in the 
lumen. For instance, a 10,000-fold difference ratio in proton concentration across the membrane, e.g., a 
stromal pH of 8 and a lumenal pH of 4, can provide a powerful driving force for ATP synthesis. To 
utilize the proton gradient formed during electron transport, the headpiece (CF|) of ATP synthase must 
be oriented toward the stroma for protons in the lumen space to flowthrough CFoto CF| to achieve ATP 
synthesis. 



X. Evolution of Photosynthetic Reaction Centers 

We have seen the Z-scheme for the two photosystems in green-plant photosynthesis and the electron 
carriers in these photosystems. We have also described how the photosystems of green plants and pho- 
tosynthetic bacteria all appear to function with basically the same sort of mechanisms of energy transfer, 
primary charge separation, electron transfer, charge stabilization, etc., yet the molecular constituents of 
the two reaction centers in green plants, in particular, are quite different from each other. Photosystem I 
contains iron-sulfur proteins as electron acceptors and may thus be called the “iron- sulfur (FeS) type” 
reaction center, while photosystem II contains pheophytin as the primary electron acceptor and quinones 
as the secondary acceptors and may thus be called the “pheophytin-quinone (0*Q) type.” These two 
types of reaction centers have also been called RCI and RCII types, respectively. 

Interestingly, reaction centers of apparently all photosynthetic organisms may be assigned to one or 
the other of these two types. For instance, the reaction center of both purple bacteria and the green 
filamentous bacteria, Chloroflexaceae, and green-plant PS II are of the O-Q-typc. On the other hand, the 
green sulfur bacteria, Chlorobiaceae, the Heliobacteria, and photosystem I all have the FeS-type reaction 
centers. 

The interrelationship of the various organisms with respect to the type of reaction center(s) is shown in 
Fig. 22 by their electron-transport diagrams. The Z-shaped electron-transport diagram for green plant 
photosynthesis is placed in the center of the figure, where it is flanked by diagrams for the organisms 
with reaction centers of the same type. The individual electron carriers of the four types of reaction 
centers are also listed in the table in Fig. 22 (B), together with their redox potentials and reaction times. 
As we shall see below, the distinction between the two types of reaction centers is not absolute. For 
instance, both types of reaction centers are associated with peripheral light-harvesting, pigment com- 
plexes. 
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The resemblance between PS II and the reaction centers of purple bacteria and filamentous green 
bacteria has been established by extensive biochemical and spectroscopic studies. In addition to the 
analogous electron carriers (bacterio)pheophytin and quinones present in purple bacteria and PS II, their 
reaction-center-core protein subunits, the L and M subunits in purple bacteria and the D1 and D2 sub- 
units in PS II, show significant amino-acid sequence homologies. 

The recognition of this homology was initially pointed out by Achim Trebst^^ on the basis of amino- 
acid sequence and greatly facilitated by the determination of the three-dimensional structure of a purple 
bacterium by X-ray diffraction by Deisenhofer, Epp, Miki, Huber and Michel^^ in 1985, and noted par- 
ticularly by Hartmut Michel and Hans Deisenhofer^^. Many of these features will be discussed in more 
detail in subsequent chapters. On the other hand, distinctions do exist between the purple bacterial and 
PS-II reaction centers. PS II contains Cyt b559, but no comparable carrier is present in purple bacteria. 
The most outstanding distinction, however, is the unique ability of PS II to oxidize water. Although one 
may consider the purple bacteria to have a comparable ability to oxidize H 2 S, the mechanisms of the two 
processes are entirely different. Nevertheless, many of the structural similarities do suggest that the 
purple bacterial and PS-II reaction centers are evolutionarily related. 

The green sulfur bacteria, Chlorobiaceae, and the recently discovered heliobacteria possess a FeS-type 
reaction center, or RCI, similar to that in photosystem I of cyanobacteria and green plants. The 
heterodimeric core of the FeS-type reaction center in PS I is composed of two polypeptides but of 
comparable molecular weight and with a high percentage of amino-acid homology. On the other hand, 
the electron carriers in the reaction centers of Chlorobiaceae and Heliobacteriaceae, unlike PS I, are 
bound to ahomodimeric reaction center. Still, both types ofreaction centers contain a similar, dimeric- 
BChl primary electron donor associated with a monomeric-BChl primary electron acceptor Aq. The 
green sulfur bacteria, heliobacteria and PS I also contain a chain of virtually identical secondary and 
tertiary acceptors, including the iron-sulfur proteins FeS-X, FeS-A and FeS-B, with similar associated 
proteins and molecular orientations. Furthermore, the secondary electron acceptor A; is a phylloquinone 
in PS I and a rather similar naphthoquinone in the green sulfur bacteria and heliobacteria. A notable 
distinction is that the secondary electron donor side of the green sulfur bacteria and heliobacteria re- 
sembles that of the purple bacteria (a cytochrome) rather than that of PS I (plastocyanin). 

The diverse, present-day photosynthetic organisms with common structural and functional features 
suggest that they are probably derived from a single photosynthetic ancestor. Equally significant is that 
the evolutionary process must have, in time, refined the structural parameters for greater efficiency of 
the organisms. In the past, systematic classification of microorganisms was mainly based on morpho- 
logical and physiological criteria. With the recent advances in molecular genetics, the nature of the evo- 
lutionary trail of the photosynthetic reaction centers can be reconstructed by studying the comparative 
biochemistry, amino-acid sequence analysis, or some other aspects of the existing organisms. Woese^"* 
has reconstructed an evolutionary tree of the photosynthetic reaction centers based on 16S rRNA analy- 
sis. We present here, in Fig. 23, an evolutionary tree of the photosynthetic reaction centers presented by 
Schubert, Klukas, Saenger, Witt, Fromme and KrauB^^ that is based on the structural information for the 
PS-I reaction center as determined by x-ray crystallography at 4-A resolution. The authors pointed out 
that the N-terminal antenna-binding domain and the reaction-center domain at the C-terminal of the 
FeS-type PS-I core proteins PsaA and PsaB are analogous to those of(P*Q-type reaction center of purple 
bacteria. The analogy extends to the electron-transfer cofactors and their arrangement, the secondary 
structural motifs of the RC cores, and a significant amino-acid sequence homology between the N-ter- 
minal domains of the core proteins of RCI and the corresponding features of RCII. These analogies help 
support the hypothesis that both RCI and RCII share a common evolutionary origin. 




Chapter 1 Photosynthesis: An Overview 



43 




uf r 



T 



m 

o 



T 



a> 

Q. 

>> 



CO 



<D 

Q. 

>» 



o 

o 

<x> 

c 

o 

c 

*3 

O 

c 

sz 

Q. 

O 

JZ 

CL 



a 

< 




Uj 



in 

o 



Q. 



Q 


(0 

c 


C 

0) 


4> 

C 


O 


Cd 


Q. 


CD 


X 

o 


E 


T3 


o 


<D 






■o 


© 


<D 




Q. 




Cd 


(0 


■o 




Cd 


o 


E 


Q. 




8 


3 

Oi 


O 

Cd 


Li. 


*o 


c 


c 


o 


Cd 


'cO 


(0 


CO 




p 


o 


o 


c 


(O 


o 

•o 




c 


o 


o 








o 


0) 


<D 




4> 


4) 


4> 


4) 

CO 


10 






4) 

_> 




43 




Q, 


<1> 


(0 


r> 


4) 



(d 



< T3 
C 

(o (d 

E = 

o * 



T3 

0) 

« 

C 

O) 



.9? 



cd S' 
<0 .5 

II 

o> *o 
o c 

C <0 

■S S' 

o cd 
cd *0 
2? § 
H S 

0) CO 

is 



O Q. 
£ 

O. w 

° 6 
(O 

g;.9 

Si 2 

•si 

c i 



(1992) Origin and early evolution of photosynthesis. Photosynthesis Res 33: 96. 
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As already discussed above and shown in Fig. 23, all bacterial photosystems are anoxygenic and 
belong to either the FeS-type (RCI) or the O-Q-type (RCII). While the anoxygenic bacteria possess just 
a single RC-complex, of either the RCI or RCII type, oxygenic cyanobacteria, eukaryotic algae and 
green plants possess both RCI and RCII linked in series, splitting water at one end andreducing NADP^ 
at the other. 




Fig. 23. An evolutionary tree for oxygenic and anoxygenic photosynthelic systems based on the structure of photosystem I. See 
text for discussion. Figure source: Schubert, Klukas, Saenger, Witt, Fromme and Kraufi (1998) A common ancestor for oxygenic 
and anoxygenic photosynthetic systems: A comparison based on the structural model of photosystem I. J Mol Biol 280: 298. 
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Photosynthetic prokaryotes such as cyanobacteria and photosynthetic bacteria lack chloroplasts and in 
these organisms the light reactions that drive photosynthesis take place in the cell’s inner plasma mem- 
brane. The photosynthetic apparatus of purple bacteria, for example, is contained in a system of “intra- 
cytoplasmic membranes.” Fig. 1 depicts the morphologies of two such purple bacteria - Rhodobacter 
(Rb.) sphaeroides [Fig. 1 (A)], formerly called Rhodopseudomonas sphaeroides, and Rhodopseudomonas 
(Rp.) viridis [Fig. 1 (B)] - species that are commonly used for photosynthesis studies. The former con- 
tains bacteriochlorophyll a (BChl a), which absorbs in the 800-880 nm region in vivo, while the latter 
contains BChl b, which absorbs in the 960-1020 nm region. 

Figs. 1 (A) and (C) show how the parent cytoplasmic membrane in Rb. sphaeroides has differentiated 
into the specialized intracytoplasmic membrane by repeated invagination, as pointed to by a small arrow 
at the cell wall. During the process of invagination, the region outside the cytoplasmic membrane, i.e., 
the periplasm between the cytoplasmic membrane and the cell wall, becomes virtually trapped inside the 
newly formed cavity. When bacterial cells are broken, for example by disruption through a French 
pressure cell or by sonication, both the cytoplasmic and intracytoplasmic membranes are fragmented but 
the fragments reseal to form quasi-spherical vesicles called “chromatophores.” In Rp. viridis cells, on 
the other hand, the cytoplasmic membrane invaginates by folding back and forth to form stacked lamel- 
lae [Fig. 1 (B)]. In some species of photosynthetic bacteria, the invaginated cytoplasmic membranes 
display still other morphologies. Fig. 1 (C) is a highly-idealized sketch showing the reaction-center core 
with light-harvesting complexes and the ATPase embedded in the cytoplasmic membrane and the orien- 
tation of each with respect to light-promoted proton flux. Fig. 1 (D) shows a detailed model of the 
photosynthetic membrane of Rb. capsulatus with its various components embedded in the phospholipid 
matrix of the intracytoplasmic membrane. 




48 



Rhodobacter sphaeroides 




(A) 

Rhodopseudomonas viridis 

(B) 






fig. 1. (A) and (B) sketches depicting the morphologies of the photosynthetic purple bacteria Rhodobacter sphaeroides and 
Rhodopseudomonas viridis, respectively: (C) a schematic showing the various components in the intracytoplasmic membrane of 
Rb. sphaeroides. (D) a model of the bacterial photosynthetic membrane of Rb. capsulatus, with various electron-and proton- 
transport proteins embedded. (A) and (B) from Sprague and Varga (1986) Membrane architecture of anoxygenic photosynthetic 
bacteria. In: l_A Staehelin and CJ Arntzen (eds) Encyclopedia of Plant Physiology New Ser, vol 19, p 603. Springer Verlag: (C) 
from Lawlor(1993) Photosynthesis: Molecular, Physiological and Environmental Processes, p 10. Longman Sci &Tech: (D)from 
Drews and Golecki (1 995) Structure, moiecuiar organization, and biosynthesis of membranes of purple bacteria. In: RE Blankenship, 
MT Madigan and CE Bauer (eds) Anoxygenic Photosynthetic Bacteria, p 233. Kluwer. 



I. Structure of the Reaction Centers of Photosynthetic Bacteria 

The first photosynthetic reaction center to be isolated was that reported by Reed and Clayton’ for the 
mntant strain R-26 of Rb. sphaeroides by Triton treatment. Other methods for isolating reaction centers 
were snbseqnently developed by Clayton and Wang^, Feher and Okamnra^, Gingras"’ and by others. 
Cnrrently, pnre reaction centers can be isolated from most photosynthetic bacteria, inclnding Chlorobinm 
as reported recently by Hager-Brann et af. The basic procednre for isolating reaction centers from the 
bacterial cells is to first break the cells and separate the chromatophore components by differential 
centrifngation. The membrane components may then be pnrified fnrther either by density-gradient cen- 
trifngation, precipitation with ammoninm snlfate, DEAR (diethylaminoethyl cellnlose) chromatogra- 
phy, gel filtration, dialysis, etc. It is worth noting that most reaction-center preparations still retain 
photochemical activity. For instance, cytochromes present in the isolated reaction-center preparation 
from the pnrple bacterinm Chromatium vinosum can still snpply electrons to the photooxidized primary 
donor, even at cryogenic temperatnres. We will now discnss the chemical composition and the three- 
dimensional strnctnre of reaction centers of two photosynthetic pnrple bacteria, namely, Rp. viridis and 
the carotenoidless mntant of Rb, sphaeroides R-26. 
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The chemical composition of the highly purified reaction-center complex from several photosynthetic 
bacteria is now well estahlished. In addition to protein suhunits designated as “L” (light), “M” (medium) 
and “H” (heavy), some reaction centers also contain a c-type cytochrome (C) suhunit. The chemical 
composition of reaction-center complexes of several of these hacteria is shown in Table 1: 



Table 1. Cofactor and protein subunit composition in the RC cores of some purple and green bacteria 



Organism 


BChl a 


BChl b 


BO a 


BO b 


Car 


UQ 


MQ 


Metal 

atom 


Proteins 


Rhodobacter sphaeroides 


4 


- 


2 


- 


1 


2 


0 


Fe 


LMH 


Chromatium vinosum 


4 


- 


2 


- 


1 


1 


1 


Fe 


LMHC 


Rhodopseudomonas viridis 


- 


4 


- 


2 


1 


1 


1 


Fe 


LMHC 


Chloroflexus aurantiacus 


3 


- 


3 


- 


- 


0 


2 


Mn 


LM(C) 



BChl=bacteriochlorophyll; B4>=bacteriopheophytin; Car=carotenoid; UQ=ubiquinone; MQ=menaquinone 



Table adapted from Blankenship (1994) Photosynthesis. In: Encyclopedia of Inorganic Chemistry, Vol 6: p 3293. Wiley. 

The purified reaction-center complex of Rb. sphaeroides R-26 can be separated by SDS-PAGE 
(sodium dodecyl sulfate polyacrylamide-gel electrophoresis) into three polypeptides [Fig. 2 (A)]. The 
three fractions were named the L-, M- and H-subunits, representing light, medium and heavy, respec- 
tively, according to the migration distance of each in the electrophoresis gel. The molecular masses of 
the three fractions were originally estimated to be ~21 kDa, ~24 kDa, and ~28 kDa for the L, M and H- 
subunits, respectively. Later the molecular-weight values estimated from gel migration were found to be 
incorrect because, apparently, the SDS-PAGE technique is sensitive to the hydrophobicity of the pro- 
teins being analyzed. The value of 28-kDa estimated for the more hydrophilic H-subunit turned out to be 
nearly correct but those original estimates of the more hydrophobic L- and M-subunits were -30% lower 
than their actual values, based on the amino-acid composition derived from gene sequences. The correct 
molecular-weight values for the L-, M-, and H-subunits are actually 31, 34 and 28 kDa, as will be 
discussed below. Although no longer appropriate, the original designation L-, M- and H-, for each sub- 
unit, however, is retained. The three protein subunits are present at a 1:1:1 stoichiometry in the reaction 
center. 

The H-subunit can be readily removed from the reaction-center complex by washing with any of a 
variety of detergent solutions. For example, when the reaction-center complex is treated with a solution 
containing 1% SDS and 0.6% ED AO (lauryl N,N-dimethylamine-N-pxide), it is separated into the H- 
subunit and an LM-complex. Figs. 2 (B) and (C) show the SDS-PAGE patterns obtained with the LM- 
complex and the H-subunit subfraction, respectively. It is seen that the LM-complex can be further 
resolved into the L- and M-subunits and that all three subunits migrate to their proper locations. This 
LM-complex prepared with ED AO was found to be photochemically active at ambient temperature but 
not at low temperatures, but an LM-complex prepared later with the chaotropic agent LiC 104 was found 
to be photochemically active at both ambient and low temperature. The LM-complex contains one 
ubiquinone molecule and one Fe atom; it is associated with reduction ofthe quinone electron acceptor as 
evidenced by the g=l .82 EPR signal. These results suggest that the LM-complex may be the smallest 
photochemically active unit of the photosynthetic bacteria. 
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Fig. 2. (A) SDS-PAGE electrophoresis showing the polypeptide subunits of the reaction-center of Rb. sphaeroides R-26; (B) and 
(C) SDS-PAGE electrophoresis patterns of the LM-complex and the H-subunit obtained by treating the reaction center with SDS/ 
LDAO followed by centrifugation in a sucrose-density gradient. Figure from Okamura, Steiner and Feher (1974) Characterization 
of reaction centers from photosynthetic bacteria. I. Subunit structure of the protein mediating the primary photochemistry in 
Rhodopseudomonas sphaeroides R-26 Biochemistry, 13: 137, 138. 



I. B. Amino-Acid Sequences in Rb. sphaeroides and Rp. viridis Reaction-Center 
Poiypeptides 

The amino-acid composition of the L-, M- and H-subunits of Rb. sphaeroides and Rp. viridis has now 
been derived from the nucleotide sequence of the structural genes that encode the polypeptide subunits. 
The number of amino-acid residues and the precise molecular masses of the L-, M- and H-subunits in 
Rb. sphaeroides and Rp. viridis are listed in Table 2. Note that for verification purposes, selected polypep- 
tides obtained by tryptic-digestive fragmentation are often subjected to amino-acid sequence analysis. 



Table 2. Composition of reaction-center subunit polypeptides 



Species 


Number of residues 


Molecular mass. Da 




L 


M 


H 


L 


M 


H 


Total 


+cofactors 


Rb. sphaeroides 


281 


307 


260 


31,319 


34,388 


28,003 


93,660 


101,414' 


Rp. viridis 


273 


323 


258 


30,571 


35,902 


28,354 


94,818 


101,642^ 



' colactors and molecular masses; 4 BChl a (911); 2 B<3> a (886); 1 carotenoid [spheroidene] (556); 2 UQ-10 (863); 1 Fe (56). 

* cofactors and molecular masses: 4 BChl b (909); 2B<t> b (884); 1 carotenoid (1,2-dihydroneurosporene) (540); 1 MQ-9 (785); 

1 UQ-9 (795); 1 Fe (56). 

Source; Williams, Steiner and Feher (1986) Primary structure of the reaction center from Rhodopseudomonas 
sphaeroides. Proteins, 1: 319. 
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As noted above, the molecular masses of the L- and M-subunits are actually higher than those origi- 
nally estimated from SDS-PAGE and the H-subunit turns out to be the smallest among the three. The L- 
and M-subunits are highly hydrophobic, each containing -70% nonpolar amino acids, while the polar 
amino-acid content in the H-subunit is higher than in either the L- or M-subunit. The L- (and H-)subunit 
contains three cysteines, but the M-subunit contains none. It is possible to utilize this difference to 
separate the L- and M-subunits by means of affinity chromatography. 

Fig. 3 shows the amino-acid sequences of the three polypeptide subunits in reaction centers from the 
photosynthetic bacteria Rb. sphaeroides and Rp. viridis. Starting from the amino terminus of the L- and 
M-subunit sequences, every tenth amino-acid residue is marked by a dot above the sequence and num- 
bered, the number here referring to Rb. sphaeroides. Two prominent features stand out in the amino-acid 
sequence. First, the amino-acid sequences of the F- and M-subunits from the two species are highly 
conserved, as are the H-subunits, as can be seen in the match-up ofthe residues shown underlined in Fig. 
3 (A). By introducing gaps in the sequences, the alignment of the amino-acid sequences can be opti- 
mized to show maximum homology. The F- and M-subunits ofthe two species are homologous to each 
other. 

The percentage of identical residues between the F-subunit of Rb. sphaeroides and Rp. viridis is 59% 
and for the M-subunits 50%. There is an even higher percentage identity in the F- and M-subunits among 
Rb. sphaeroides and Rps. capsulata. Inspection of the highly conserved regions also reveals that these 
regions contain a high proportion of hydrophobic residues that are critical for their structural roles. Five 
regions in these two polypeptides contain at least 19 hydrophobic amino acids each, thus allowing each 
of them to form transmembrane helices. As seen from the hydropathy plots in Fig. 4 below and from 
direct structure determinations, this is indeed the case. The H-subunits of Rb. sphaeroides and Rp. viridis 
have a 39% subunit identity, and each has a region with a sufficient number of hydrophobic residues to 
form one transmembrane helix. Further details will be discussed in the following sections on the hydro- 
pathy plots and crystal structure of the bacterial reaction centers. These homologies indicate an evolu- 
tionary connection among the subunit proteins ofthe various species. The homology between the F- and 
M-subunits among Rb. sphaeroides and Rp. viridis [as well as Rp. capsulata and Rs. rubrum (not shown)] 
suggests that the genes for the F- and M-subunits arose from duplication of a single ancestral gene. 



I.C. Hydropathy Plots for the Bacterial Reaction-Center Polypeptides 

The configuration of a protein in the membrane depends on the degree of hydrophilicity versus hydro- 
phobicity ofthe amino-acid residues along the polypeptide chain. In general, a hydrophilic part will be 
exposed to the aqueous phase, while a hydrophobic part will be found buried inside the membrane, 
possibly in close contact with the hydrocarbon chains ofthe phospholipid bilayer. The hydropathy plot, 
generated by a simple yet elegant program devised by Kyte and Doolittle^ in 1982, shows the relative 
hydrophilicity and hydrophobicity of the amino acids along a polypeptide sequence. The word “hydro- 
pathy” which can be taken to mean “strong feeling about water,” really refers to both hydrophilic and 
hydrophobic character. The program uses a hydropathy scale in which each amino acid is assigned a 
value reflecting its relative hydrophilicity or hydrophobicity. The scale ranges from 4.5 for isoleucine, 
judged to be the most hydrophobic amino acid, to -4.5 for arginine, the most hydrophilic residue. A 
moving “window” consisting of a specified number of amino-acid residues is stepped through the amino- 
acid sequence and the average hydropathy of the residues within the window is determined at each step. 
The consecutive scores are then plotted from the amino terminus to the carboxy terminus, with the grand 
average of the hydropathy of the amino-acid composition of the sequenced protein taken as the mid- 




52 



(A) 

Rb. spheroides 
Rp. viridis 



Rb. spheroides 
Rp. viridis 



Rb. spheroides 
Rp. viridis 



Rb. spheroides 
Rp, viridis 



Rb. spheroides 
Rp. viridis 



Rb. spheroides 
Rp. viridis 



Rb. spheroides 
Rp. viridis 



Rb. spheroides 
Rp. viridis 



10 20 30 1^92 40 LA.,,, 5?,... “I 

L ALLSFERKYRVPGGTLVGGNLFDFWVGPFYVGFFGVAfFFFAALGliLIAWSAvLQG-TWN 

L ALLSFERKYRVR GGTL IGGD LFDFWVGP YF VGFFGV SAIFFIFLGV5LIGY-AASQGPTj<D 

10 20 30 40 50 1^12 M MA ,”1 

M AEYQNIFSQVQVRGPADLGMTEDVNLANRSGVGPFSTL-LGWFGNAQLGPIYLG'SLGVLSLFSGLMWFFTIGiwF'wYQA-GWN 
M ADYQTIYTQIQARGPHITVSGEWGDNDRVGKPFYSYWL— GKIGDAQI GPIYLG ASGIAAFAFGSTAILIILFNMAAEV-HFD 

70 80 [»2 90 |_g 100 110112 120 130 

L p QLISVYPPALEYGL-GGAPLAKGGLwQ'nTiCATGAFVSWALR'EVE'lCRkLGIGYHi'PFAFAFAiLAYLTLVLFR 

L p FATGTNPPni KYGL-GAAPLLEGGFWQAITVCALGAFISWM LREVEI S RKLGIG WHVPLAFCVPIFMFCVLQVFR 

90 100 no 120 MB 130 .»jl40M2 If--. 

M PAVFLRDLFFFSLEPPAPEYGLSFAAPLKEGGLWLiASFFMFVAVWSWWGRtVLRAQALGMGKHfAWA^ 

M plqffrqffwlglywkaq;^mgi-p^hdggwj^magl^tlslgswwirvysiwr^lgthi^nfaamffvlcigc^h 

140 150 160 1|70 180 |_p IM I22j200 210 

L PVMMG%GYAFPYGiwTHLDWVSNTGYTYGNFHYNPAHMiAISFFF’TNALALALHGAlVL'SAANPEKG KEMRTPD 

L PLLLGSWGHAFPYGILS HLDWV NNFGYQYLNW HYNP GHMSSVSFLFVNAMALGLHGGLILSVANPGDG DKVKTAE 



lerl 170 180 190 ['•’ 200 MD 2^0 

M piLMGSWSEAVPYGIFSHLDWTNNFSLVHGNLFYNPFHGLSIAFLYGSALLFAMHGATiLAVSRFGGERELEQIADRGTAAE 
M PTLV GSWSE GVPFGIWPHIDWLTAFSIRYGNFYYCPWHGFSIGFAYGCG LLFA A HGATILAV A RFGG DREIEQITDRGTAVE 



220 1 225 230 LB 240 250 25t 2M 270 280 

L HEDTFFRDLVGYSlbLGVHRLGLLLSLSAVFFSALCMliTWlWFDQWVDWWQWW 
L HENQYFRDVVGYSIGALSIHRLGLFLASNIFLTGAFGTIASGPFWTRGWPEWWG^LDIPFWS* 



250 ^260 me s '" 255 , V 

M RAALFWRWTMGFNATMEGIHRWArWMAVLVTLfGGiGILLSGTVV-DNWYVWGQNHGMAPLN* 

M RAAI.FWRWTIGFNATIESVHRWGWFFSLMVMVSASVGIILTGTFV-DNWYLWCVKHGAAPDYPAYLPATPDPASLPGAPK* 

* ' I ~ 

Q. Fe 



12 37 

10 I 20 30 I 40 50 60 70 

Rb. spheroides H MVGVTAFGNFOLASLViystw-IFLAGLiYYlQYENMREGYPLENEDG--TPAANQGP-FPLPkPKTFILPHGR 
Rp. viridis H myhgalaqhldiaqlvwyaqwlviwtvvllylrredrregyplveplglvklapedgqvyelpypkifvlphg- 

80 90 100 110 120 130 140 

Rb. spheroides H GTLTVPGPESEDRP lALARTAVSEGFPHAPTGDPMKDGVGPASWVARRDLPELDGHGHNklKPMKAAAGF 

Rp. viridis H GTVTVPRRRPETRE LKLAQTnGFEGAPLQPTGNPLVDAVGPASYAERAEVVDATVOGKAKIVPLRVATDF 

150 160 170 180 190 200 210 

Rb. spheroides H HVSAGK-NPlkPVRGCDLEI AGKVVDIWVDIPEQMARFLEVEL-KDGSTRLLPMQMVKVQSNRVHVNALSS 
Rp. viridis H GTAFGDVDPR GLPV VAADGVEAGTVTDLWVDRSEHYFRYLElSVAGSARIALIPLGFCDyKKDKIVVTSILS 

220 230 240 250 260 

Rb. spheroides H DLFAGIPTIKSPTEVTLLEEDKICGYVAGGLMYAAPKRKSVVAAMLAEYA 
Rp. viridis H FnFANVPRI QSRDQITLREEDKVSAYYAGGLLYA TPERAESLL 

Fig. 3. Amino-acid sequences of the L- and M-subunits (A) and the H-subunits (B) of Rb. sphaeroides and Rp. viridis. 
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point. Kyte and Doolittle demonstrated the validity of the method hy comparing plots for proteins with 
known structures determined hy x-ray crystallography, and found the procedure to he a valuable tool for 
distinguishing exterior from interior portions of a protein and for predicting its structure within a 
membrane. 

Figure 4 shows the hydropathy plots for the L-, M- and H-polypeptides of Rb. sphaeroides R-26, using 
a moving window of 19 amino-acid residues for each scan. The plots for the L- and M-polypeptides [Fig. 
4 (A) and (B)] are very similar, showing that both polypeptides have five hydrophobic segments. Each of 
these hydrophobic segments contains enough amino acids to form a membrane-spanning a-helix. Note 
that the residue-number scale strictly applies only to the L- and H-polypeptides; that for the M-polypep- 
tide has been shifted in order to maximize the coincidence of its hydrophobic regions with those of the L- 
polypeptide. The hydropathy plot for the H-polypeptide [Fig. 4 (C) ] shows that it has only one hydro- 
phobic region, indicating the presence of just one a-helix. Thus the presence of eleven transmembrane 
helices in the L-, M- and H-subunits as predicted by hydropathy plots is in accord with conclusions 
drawn from previous studies by circular dichroism and polarized infrared spectroscopy and later con- 
firmed by X-ray diffraction studies. 
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Fig. 4. Hydropathy plots for the L-, M- and H-subunits of Rb. sphaeroides. Dotted lines represent the midpoint of the scanning 
windows. Figure source: Williams, Steiner. Feher and Simon (1 984) Primary structure of the L subunit of the reaction center from 
Rhodopseudomonas sphaeroides. Proc Natl Acad Sci, USA, 81; 7305 and Williams, Steiner and Feher (1986) Primary structure 
of the reaction center from Rhodpseudomonas sphaeroides. Proteins: Structure, Function and Genetics. 1: 320. 
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II. Three-Dimensional Structure of Bacterial Photosynthetic Reaction Centers 

Since membrane proteins are nsnally embedded in a lipid bilayer, their isolation generally reqnires 
solnbilization with detergents and as a gronp they have not been crystallized nntil very recently. The 
difficnlty has been that detergent molecnles were randomly attached to the isolated proteins, and thns 
identical nnits were not available for prodncing an ordered crystalline lattice. Althongh several hnndred 
different proteins have now been crystallized and their crystal strnctnres determined, only a few of them 
are membrane proteins. These inclnde the reaction-center complexes from the BChl h-containing photo- 
synthetic bacterinm Rp. viridis and the BChl a-containing bacterinm Rb. sphaeroides. 

In 1982, Hartmnt Michel’ sncceeded in obtaining crystals of the reaction center of Rp. viridis and, 
soon after, Deisenhofer, Epp, Miki, Hnber and Michel^ nsed X-ray diffraction to determine its three- 
dimensional strnctnre. These resnlts have been recognized as one of the most spectacnlar and important 
developments in the history of photosynthesis research. Before satisfactory crystals became available 
and X-ray diffraction conld be nsed to directly yield the precise information on the strnctnre of the 
reaction centers, all information abont the reaction center conld be derived only by indirect means. For 
example, the presence ofa-helices predicted by hydropathy plots conld now be determined directly by 
X-ray diffraction. In the following, we will first describe how the crystals are prepared, and then show 
the resnlts of the X-ray crystallographic determination. 



II.A. Crystallization 



To prepare membrane-protein crystals one mnst have very pnre starting materials and, fortnnately, 
reaction-center complexes of high pnrity have been available since the early 1980s for many photosyn- 
thetic bacteria. The rationale for the techniqnes nsed in preparing crystals of membrane proteins will be 
described first. Membrane proteins can be solnbilized into aqneons solntion with a detergent, as shown 
in Fig. 5, bnt when the detergent is completely removed, the protein becomes aggregated as a resnlt of 
hydrophobic interactions and does not form crystals. Detergent molecnles, like lipids, are amphiphilic 
and, like lipids, above a certain concentration, the so-called “critical micellar concentration,” they ag- 
gregate to form micelles, in which the hydrocarbon chains of the detergent molecnles are oriented to- 
ward the inside, keeping them from making contact with the water molecnles. In fact, when proteins are 
solnbilized by detergents, the lipid molecnles are essentially replaced by detergent molecnles, with the 
hydrocarbon chains of the detergent molecnles coming into contact with the hydrophobic part of the 
protein to form a “componnd” micelle (see Fig. 5, bottom). 
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Fig. 5. Graphic representation of a membrane protein (top) and the solubilization of the proteins by detergents (bottom). See text 
for other details. Figure source: Michel (1983) Crystallization of membrane proteins. Trends Biochem Sci, 8: 2. 
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The protein partially surrounded by detergent molecules can be used as the starting material for crys- 
tallization. Bringing a protein-detergent micelle into a three-dimensional crystalline lattice requires con- 
sideration of its hydrophobic and hydrophilic properties. In principle, there are two possible ways of 
arranging membrane proteins into a three-dimensional crystal, as shown by the cross-sectional views of 
the so-called “type-I” and “type-II” crystals in Fig. 6. 

Fig. 6, left shows an end view of a type-I crystal formed by stacking two-dimensional “crystal layers,” 
ordered sheets of proteins. Many proteins, but not all, can form such a two-dimensional crystal layer, in 
which the hydrophobic regions of the proteins interact with the hydrocarbon tails ofthe lipids, the two- 
dimensional structure being stabilized by both hydrophobic and polar interactions. In each two-dimen- 
sional crystal layer no detergent is present and only the polar domains are exposed at the surface. These 
two-dimensional crystal layers then stack up to form a three-dimensional crystal through polar attrac- 
tions between the layers. In three-dimensional crystals, the successive two-dimensional crystal layers 
need to be ordered in the third dimension with respect to translation, rotation and up-down orientation. 
Examples of type-I crystals which have been prepared are mitochondrial cytochrome oxidase, chloro- 
plast Chl-a/b proteins, and a protein from the purple membrane of halobacteria. Two-dimensional crys- 
tals are usually rather small and useful only for examination by electron microscopy. 
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Fig. 6. Graphical representation of two types of membrane-protein crystals. Type I” crystal consists of stacks of two-dimensional 
crystalline membranes ordered in the third dimension to form the "membrane crystal.” “Type II” crystals are formed by membrane 
proteins with the hydrocarbon tails of detergent molecules bound to their hydrophobic surfaces. The hydrophilic surfaces of the 
protein are indicated by dotted boundaries. Figure source; Michel (1983) Crystallization of membrane proteins. Trends Biochem 
Sci, 8; 2. 

The “type-II” crystal shown in Fig. 6, right represents an alternative way to form membrane-protein 
crystals by having the proteins partially surrounded by detergent molecules. Type-II crystals are prima- 
rily stabilized by attractive forces between the polar domains ofthe proteins. Clearly, in order to accom- 
modate the detergent molecules and still have a large polar attraction between protein molecules, it 
would be easier for proteins with large polar domains to form this type of crystals than those with small 
polar domains. In any event, in forming a type-II crystal, the size ofthe detergent molecules and hence 
of the micelle is of critical importance. For instance, large detergent molecules might bulge out into the 
polar domains of the protein, thus diminishing the polar interactions necessary for crystal formation. 
Thus, micelles formed by small detergent molecules might be needed so that the hydrocarbon tails ofthe 
detergent molecules just fit into the available space in the hydrophobic cavities formed by the meeting of 
the polar domains ofthe protein molecules. However, in practice, proteins are less stable with detergents 
having rather short hydrocarbon chains. Consequently, a compromise has to be made in this regard. For 
example, for Rp. viridis reaction-center proteins, detergents such as LDAO turned out to be satisfactory. 

Michel introduced an ingenious and effective means for modifying and controlling the detergent- 
micelle size by adding small amphiphilic molecules, the most effective among them being heptane- 
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1,2,3-triol. This small amphiphilic molecule itself is not a detergent, as its hydrocarbon chain is too short 
to form micelles. However, it can form mixed micelles with the detergent molecules and the resulting 
micelle is smaller than those formed with detergent molecules alone. These small amphiphilic mole- 
cules may also replace certain detergent molecules which might disturb the crystalline order. For in- 
stance, some detergent molecules (such as octylglucoside with a large glucose head group) might be too 
large to permit the formation of a protein crystal lattice. The polar head of a small amphiphilic molecule 
however is smaller than that of a detergent molecule and thus less of the polar domain of the protein 
would be covered and consequently more of it available for crystal formation. That replacement of 
detergent molecules with small amphiphilic molecules is favorable can be argued on more specific 
energetic grounds in that the energy gained in the formation of additional polar bonds during crystalliza- 
tion is greater than that needed to replace the detergent molecules by small amphiphilic molecules. 

Michel succeeded in crystallizing type-II crystals from the reaction-center protein of Rp. viridis in 
1982. Crystallization was achieved by vapor diffusion using a concentrated reaction-center solution (1.5 
mg protein per mL) containing 1.5 M ammonium sulfate, 3% heptane- 1,2,3-triol, 3% triethylammonium 
phosphate and 0.5% LDAO in osmotic equilibration v^. a large reservoir of 2-3 M ammonium sulfate 
solution to attain supersaturation of the protein solution. Initially crystals as large as 0.4 mm X 0.4 mm 
X 1 mm were obtained within three weeks at room temperature and proved suitable for high-resolution 
structure determination by X-ray crystallography. Notably, the reaction-center crystals still retained 
photochemical activity. Both the isolated and the crystallized reaction centers of Rp. viridis contain four 
protein subunits, including the membrane-bound cytochrome subunit. Crystallization of the reaction- 
center proteins from Rb. sphaeroides was subsequently achieved by Allen and Feher^, by Chang, Schiffer, 
Tiede, Smith andNorris'” and by Arnoux, Gaucher, Ducruix and Reiss-Husson" and studied by X-ray 
diffraction crystallography. 



II. B. Crystal Structure of Protein Subunits, Pigment Molecules and Electron Carriers 

With sufficiently large crystals of the bacterial reaction centers available, the determination of crystal 
structure by X-ray diffraction became possible and in 1983, Deisenhofer, Epp, Miki, Huber and Michel^ 
determined the crystal structure of the Rp. viridis reaction centers at 3 A resolution [later refined to 2.3 
A ]. From the electron-density map, the spatial arrangement of the polypeptide subunits, the pigment 
molecules and the electron carriers in the reaction center was determined. For this work, Deisenhofer, 
Michel and Huber were awarded the Nobel Prize in 1988. 

II.B. 1. Rp. viridis 

As previously noted, the Rp. viridis reaction center consists of four polypeptides: the L-, M-, H- and C- 
polypeptides (C for c-type cytochrome), as shown in the model in Fig. 7. Each of the E- and M-polypep- 
tides contains five transmembrane helices, labeled A to E and single- and double-underlined. The single 
H-subunit helix is triple-underlined. As mentioned earlier, the number of transmembrane helices deter- 
mined by X-ray crystallography agrees with that predicted from the hydropathy plots for all three sub- 
units (see Fig. 4). The helical content in the LMH complex is 51%, in good agreement with the 50±10% 
value obtained from circular-dichroism measurements . 

The ten helical segments from the E- and M-subunits, together with the one helical segment near the 
N-terminus of the H-polypeptide, form an elliptical hydrophobic cylinder 45 A-long, with major and 
minor diameters of 70 and 30 A, respectively. The cylinder is embedded in the lipid-bilayer membrane 
and forms a framework for organizing and positioning the cofactors. The four D- and E-segments of the 
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Fig. 7. Three-dimensional structure of the photosynthetic reaction center of Rps. viridis. The a-helices are drawn as cylinders and 
the cofactors by black rectangles (in perspective). See text for other details. Adapted from the original color drawing by Prof. Jane 
Richardson of Duke University, based on atomic coordinates provided by Deisenhofer. Michel and Huber. Cf. the broad view of 
the Rp. viridis reaction-center model on the book cover and side view in Color Plate 1. 



L- and M-polypeptide subunits form the core structure and are closely associated with the cofactors, 
while the A-, B- and C-segments of both the L- and M-subunits are located on the periphery of the 
reaction center. Some of the polypeptide segments connecting the transmembrane helices in the L- and 
M-polypeptides contain short helices which lie approximately parallel to the membrane plane and form 
part of the flat surfaces at the top and the bottom of the cylinder. The C-terminal half of the H-polypep- 
tide forms a globular domain that attaches to the LM core on the cytoplasmic side of the membrane. The 
cytochrome subunit located on the periplasmic side and the globular domain of the H-subunit are both 
polar. From the tip of the cytochrome subunit to the bottom of the globular domain of the H-subunit, the 
reaction center measures 130 A. Each reaction center contains 14 cofactors (shown by black rectangles, 
diamonds, etc. in Fig. 7): fourBChl i?, two B<I> 6, one carotenoid (not shown), two quinones, one nonheme 
iron atom lying between the two quinones, and four cytochrome-c heme groups in the C-subunit. Some- 
times, only the menaquinone on the L-side is retained in the reaction-center crystal, the other quinone 
being lost during purification ofthe reaction-center proteins. The L- and M-subunits with their cofactors 
are nearly symmetrical with respect to the axis perpendicular to the membrane plane. The cytochrome- 
and the H-subunits, on the other hand, do not obey the local symmetry of the central portion of the 
reaction center, although the cytochrome subunit does have internal local symmetry of its own. 
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The cytochrome suhunit (see Fig. 7, top), the largest suhunit in the RC complex of Rp. viridis, contains 
336 amino-acid residues. The cytochrome suhunit sits on a flat surface on the periplasmic side ofthe LM 
core and consists of two pairs of heme-hinding segments. Each heme-hinding segment consists of a 
helix with an average length of 17 amino-acid residues. 



II.B.2. Rb. sphaeroides 



Using X-ray diffraction, George Feher and coworkcrs*^^ determined the crystal structure of the Rb. 
sphaeroides reaction-center complex soon after that of Rp. viridis had been reported. Although the reac- 
tion center of Rb. sphaeroides had already been extensively characterized hy other methods, crystal- 
structure information greatly helped to further elucidate the structure-function relationship. The Rb. 
sphaeroides reaction center was crystallized also hy the vapor diffusion method using a solution con- 
taining 5 mg RC per mL plus heptane-triol, polyethylene glycol and LDAO. The major structural fea- 
tures of Rp. viridis and Rb. sphaeroides were found to be conserved, with the Rb. sphaeroides reaction 
center also containing L-, M- and H-suhunits, with 5, 5 and 1 transmemhrane helices, respectively. 
Except for the carotenoidless strain of Rb. sphaeroides R-26, both reaction centers contain 14 cofactors, 
but the cofactors are not quite the same. First, Rp. viridis contains BChl b and BO b molecules but Rb. 
sphaeroides contains BChl a and BO a. Next, both and Qq in Rb. sphaeroides are ubiquinones, while 
Qa in Rp. viridis is menaquinone and a ubiquinone. There are other differences. The reaction-center 
crystals from Rb. sphaeroides retain both and Qg, while those from Rp. viridis lose most of their Qg 
during isolation in the earlier reported studies. On the other hand, Rp. viridis reaction-center crystals still 
retain the two low-potential and the two high-potential c-type cytochromes, while the reaction-center of 
Rb. sphaeroides is known to have lost its two cytochromes C 2 during preparation. This difference in 
cytochrome binding strength is presumably the result of different amino-acid composition near the bind- 
ing sites. 




Fig. 8. Three-dimensional structure of the photosynthetic reaction center of Rb. sphaeroides R-26. The a-helices are drawn as 
columns. Modified from the original color drawing of Allen, Feher, Yeates, Komiya and Rees (1987) Structure of the reaction 
center from Rhodobacter sphaeroides R-26: The protein subunits. Proc Nat Acad Sci, USA, 84: 6165. 
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The crystal structures of Rb. sphaeroides reaction centers from the carotenoidless strain R-26 and 
from the wild-type strain 2.4.1. were initially determined at 2.8 A and 3.0 A resolution, respectively. The 
structure of the Rb. sphaeroides R-26 reaction center is shown by the model in Fig. 8. Major structural 
features, such as a hydrophobic core containing 1 1 transmembrane helices from the L-, M- and H- 
subunits, the approximate rotational symmetry of the L- and M-subunits, the position and orientation of 
cofactors, etc., are all apparently conserved. All cofactors are associated with the LM-complex. Note 
that the helices and their connecting segments are designated with upper- and lower-case letters, respec- 
tively, and the meaning of the underlining is the same as that for the Rp. viridis model in fig. 7. The dot 
in the circle slightly below the center represents the nonheme iron atom, which is approximately equidis- 
tant from the two quinone molecules. 

II. B. 3. Spatial Arrangement of the Polypeptide Subunits 

In the following discussion, we will combine information obtained from crystallographic measure- 
ments with that from the amino-acid sequences of the three subunits from Rb. sphaeroides and Rp. 
viridis shown earlier in Fig. 3. Information derived from X-ray crystallography on the transmembrane 
helix segments for the L-, M- and H-polypeptides of Rb. sphaeroides is presented in Table 3. 



Table 3. Transmembrane Helices of the L-, M- and H-Subunits and 
their Amino-Acid Residues in Rb. sphaeroides reaction centers 



Subunit 


Residues 


Subunit 


Residues 


Subunrt 


Residues 


LA 


32-55 


MA 


52-78 


HA 


12-37 


LB 


84-112 


MB 


110-139 




LC 


115-140 


MC 


142-167 


LD 


170-199 


MD 


197-225 


LE 


225-251 


ME 


259-285 



In In the amino-acid sequence shown earlier in Fig. 3, the transmembrane helices as predicted by 
hydropathy plots are indicated by dashed lines just above and spanning the appropriate residues in the 
sequence, and labeled L or M followed by A to E, plus two demarcating vertical lines with residue 
numbers (see Table 3). It may be noted that the helical regions obtained from hydropathy plots for the 
three polypeptide subunits agree well with the crystallographic results. 

The L-subunit of the reaction center of Rb. sphaeroides contains approximately 50 fewer amino-acid 
residues than the M-subunit. On the other hand, the L- and M-polypeptides are similar in their each 
having five transmembrane helices, most ofthem containing 21 to 28 amino-acid residues. In fact, 216 
a-carbons of the M-polypeptide can almost be superimposed onto a set of corresponding a-carbons of 
the L-polypeptide by an -180° rotation around the principal axis of the reaction-center complex. Fur- 
thermore, most of the segments connecting the helices in both subunits are also structurally similar, 
some consisting of short helices themselves. 

The H-polypeptide [Fig. 3 (B)] is the smallest among the three polypeptides, containing only 258 
amino acids. The segment of 26 amino-acid residues [Ile-12 to Arg-37] near the N-terminus forms its 
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only transmembrane helix, which is approximately antiparahel to and in contact with the (double-under- 
lined) E-helix of the M-subunit (see Figs. 7 and 8). The H-subunit helix is followed by seven consecutive 
charged residues and then a short disordered segment. Following this disordered region, the H-subunit 
forms an extended structure along the surface of the FM core near the cytoplasmic side. 

As the H-subunit contains no pigments or cofactors, it is not directly related to photochemical activity. 
Its cytoplasmic domain does appear to shield the Qy^-binding site from the cytoplasm. It has been sug- 
gested that possibly it has a role related to the electron transfer between and Qr. A structural function 
has also been proposed for the H-subunit in initiating the assembly of the core complex containing the 
reaction center and the light-harvesting complex. It is of interest to note that the green bacterium Cf. 
aurantiacus does not contain the H-subunit. 

The cofactors linked to the amino-acid residues on the F- and M-subunits might be labeled with 
subscripts “F” and “M.” However, this designation becomes a little complicated when it comes to the 
quinones, as the quinone that is buried in a pocket formed from amino-acid residues of the M-subunit is 
actually located in a region dominated by a branch of the F-subunit. We will therefore adopt a nomencla- 
ture which uses the subscript “A” for an F-dominated branch and “B” for an M-dominated branch, i.e., 
Ba and Bb for BChls b, BO^ and BOr for BOs b, and Qa and Qb for the two quinones. Thus Qa, 
menaquinone-9, although bound to the M-subunit is located at the end of an F-branch, while Qb, 
ubiquinone-9, is bound to the F-subunit but located near the end of an M-branch. It is to be noted that 
-70% of the Qa-binding sites in the Rp. viridis crystals appear as empty cavities on the electron-density 
map, as most of the Qb was lost during isolation of the Rp. viridis reaction center. This cavity, however, 
can be filled with some exogenous quinone or a molecule of the inhibitors o-phenanthroline or terbutryn. 

The spatial relationship of the 14 cofactors to each other in the Rp. viridis reaction-center complex is 
presented in Fig. 9 without the background protein structure. For the sake of clarity, the phytyl and 
isoprenoid side chains are omitted in the figure. The primary donor, i.e., the special pair [BChl b ]2 
represented as Da and Db, as well as the monomeric BChl-7> and the BO-^ molecules, are arranged on an 
approximate “twofold rotation symmetry axis.” This rotation axis passes between the special pair of 
BChl b molecules and through the nonheme iron atom. This symmetry arises from the fact that the 
polypeptides of the F- and M-subunits, with which these cofactors are associated, have several homolo- 
gous amino-acid sequences and are therefore folded in a similar way. The tetrapyrrole rings of BChl b 
and BO b on one branch can be virtually superimposed onto those of BChl b and BO b on the other 
branch by a rotation of the reaction center by approximately 180°. On detailed examination, however, 
the overall symmetry of the cofactors is violated at several places due to local differences in the inter- 
atomic distances and interplanar angles in the two branches, differences in the phytyl chains of the 
BChls and BOs, the different chemical nature of the quinones and the presence of a single carotenoid 
(1,2-dihyroneurosporene in Rp. viridis and spheroidene in Rb. sphaeroides) near Bb but no correspond- 
ing carotenoid near Ba. These structural differences, together with the different protein environments of 
the cofactors, presumably account for the difference in electron-transfer behavior of the two branches. 

The two BChl-b molecules located at the interface of the F- and M-subunits between the D- and E- 
helices near the periplasmic side constitute the so-called “special pair,” [BChl b\ 2 , which is the primary 
electron donor (abbreviated as “D”) in the bacterial reaction center. The primary donor is also referred to 
by its absorption wavelength, e.g., P960 in Rp. viridis and P870 in Rb. sphaeroides. We retain “P,” 
which has traditionally stood for the word “pigment,” since its introduction by Fouis Duysens in 1952, 
as the symbol for the special-pair electron donor, noting its association now also with the word “pair.” 
Even though the two BChl molecules forming the special pair [BChl ]2 belong to both branches, each 
individual BChl in this pair may be distinguished by the subscripts A and B and the special-pair donor P 
then written as Da'Db- 
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Fig. 9. Stereo view of the three-dimensional arrangement of the pigment molecules and cofactors In the Rp. viridis reaction center 
without the background protein structures. He=heme. Figure constructed as a composite from Deisenhofer, Michel and Huber 
(1 985) The structural basis of photosynthetic light reactions in bacteria. Trends Biochem Sci, 1 0: 245 and Deisenhofer and Michel 
(1993) Three-dimensional structure of the reaction center of Rhodopseudomonas viridis. In; J Deisenhofer and JR Norris (eds) 
The Photosynthetic Reaction Center, Vol. II, p 348. Acad Press. 

Fig. 10 presents the values of distances between the cofactors in the reaction centers of Rb. sphaeroides 
and Rp. viridis obtained in a structural determination at 2.65 A resolution as reported by Ermler, Fritzsch, 
Buchanan and Michel'^. Some of these results will now be described. The pyrrole rings I of and Dg 
are ~3.2 A apart, but the ring centers are ~7 A apart and thus the tetrapyrrole rings are inclined to each 
other by -15°. The Mg atoms of and Dg are each ligated to L-His 173 and M-His200, respectively, as 
marked by upward arrows in Fig. 3 (A). The acetyl group on ring 1 of forms a hydrogen bond with 
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Values for Rb. sphaeroides 
Values for Rp. viridis 




= UQ in Rb. sphaeroides 
MQ in Rp. viridis 



Fig. 10. Distances between the cofactors in the reaction centers of Rb. sphaeroides and Rp. viridis in A. Distances refer to the ring 
center of the porphyrin and quinone rings of the cofactors. Car=carotenoid. From Ermler, Fritzsch, Buchanan and Michel (1994) 
Structure of the photosynthetic reaction centre from Rhodobacter sphaeroides at 2.65 A resolution: cofactors and protein-cofactor 
interactions. Structure 2; 927. 
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tyrosine on one side (M-Tyr208 for both species) and Dq with histidine on the other (L-His 168 for both 
species). The tyrosines are in van der Waals contact with the respective rings I ofboth and 8(1)^, and 
are likely candidates for serving as a conduit for electron transfer between the latter two (see Chapter 5 
for further details). 

Coming off from Da’Db are the “accessory” pigments, monomeric and B,,, and BO^ and BC>b, 
followed by a quinone molecule, Q^. or Q^. The center of either monomeric BChl-& molecule is ~ 1 1 A 
from that ofthe nearest D, and the corresponding edge-to-edge distance is ~ 4 A. Each BO is ~ 10 A from 
the nearest monomeric BChl and ~12 A from the nearest quinone. The Mg atoms of B^^ and Bg are 
ligated by L-His 153 and M-His 180, respectively, as marked in Fig. 3 (A). The Mg atoms of all four BChl 
molecules (D^, Dq, Ba and Bb) are thus penta-coordinated. 

The Qa molecule, as mentioned above, is coordinated to the L-subunit, but is surrounded by two 
amino-acid residues from the M-subunit, M-His217 (which is also one ofthe ligands for Fe) and M- 
Trp250. Qb is linked to a site symmetrical to the Qa site, but differs from QAby being nearer to the H- 
subunit. This proximity of the H-subunit helix to Qb appears to have a dramatic effect on the behavior of 
the two quinone molecules. Although the removal ofthe H-subunit does not affect the photochemical 
activity of the remaining LM-complex, in its absence Qa can accept two electrons, with electron transfer 
to the secondary quinone Qb being inhibited. 

A nonheme iron atom is located between the two quinones, but not directly attached to either. It is 
ligated by five amino-acid residues: two from the L-subunit (L-His 190 and L-His230), three from the 
M-subunit (M-His217, M-His264 and the bidendate M-Glu234), together forming a distorted octa- 
hedron about the iron. 

The reaction center contains one carotenoid molecule, except in the carotenoidless strain R-26 oiRb. 
sphaeroides. Both the spheroidene in Rb. sphaeroides and the 1,2-dihydroneurosporene in Rp. viridis 
assume the 15,15'-cA configuration and are located near the Bb molecule (see Figs. 9 and 10). The 
protein environment around the carotenoid consists of a large number of aromatic residues, which prob- 
ably impose strong steric constraints on the carotenoid, and may account for the red shift in the absorp- 
tion spectrum of the carotenoid relative to that of the free carotenoid. The proximity of the carotenoid to 
Bb suggests that the latter could serve as a conduit for the transfer of triplet-state energy from the 
primary donor to the carotenoid. 

In Rp. viridis the four hemes in the cytochrome subunit are connected to the cysteine residues in the 
protein via thioether bridges. The heme planes are parallel to the helical axes, but only the special bacterio- 
chlorophyll pair and the heme ofthe nearest cytochrome share the same axis. The distance between this 
cytochrome iron atom and either Mg atom of [BChl b ]2 is 21 A. The iron-iron distance within each 
cytochrome pair is 14 A while that between two cytochrome pairs is 16 A. As expected, [BChl 
extracts electrons from the nearest cytochrome. 

III. Summary - Reaction-Center Structure and Photochemical Reactions 

We now summarize in Fig. 1 1 the reaction-center structure and the known electron-transport reactions 
in purple bacteria. A simplified representation of the reaction-center and the light-harvesting complexes 
contained in the bacterial membrane is shown in Fig. 1 1 (A), followed by a column model and a cofactor 
model in Fig. 11 (B). The cofactor model is used to illustrate the various electron-transport steps with the 
associated rate constants in Fig. 1 1 (C), where the cofactors in the starting state (oxidized or reduced) are 
shown in solid black. When a cofactor first becomes reduced or oxidized, it is shown as an open symbol. 
We will also use this cofactor model and reaction sequence as a framework for introducing the remain- 
ing chapters throughout the section on photosynthetic bacteria. 
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The next chapter will deal with the light-harvesting complexes, their structure and the mechanism of 
excitation-energy transfer. We will then discuss the primary electron donor (Chapter 4), a special pair of 
bacteriochlorophyll molecules, which is the interface between photochemistry and chemistry and the 
starting point for photosynthetic electron transport. We will then discuss the so-called “stable primary” 
electron acceptor, quinone and the secondary quinone acceptor in Chapters 5 and 6, respectively .This 
will be followed by a discussion in Chapter 7 of the rapid electron transport from the primary donor to 
BO and a discussion of the discovery of BO as the initial electron acceptor. In spite of this sequence of 
presentation, it should be noted that during the history of photosynthesis research, quinone was actually 
the earliest electron acceptor to be uncovered, chiefly as a result of lack of sufficient time resolution in 
the instruments used in the earlier work. With only micro- or milli-second time resolution, reactions 
involving the earlier electron acceptors could of course simply not be detected. The section on photosyn- 
thetic bacteria will be concluded with a discussion of the electron donor to the oxidized special pair, 
namely, the cytochrome, in Chapter 10. The discussion of green photosynthetic bacteria will be pre- 
sented in Chapters 8 and 9, respectively, dealing with the light-harvesting complex, chlorosomes, and 
the reaction centers of green bacteria. 

Purple bacteria 

(A) 





Fig. 11. Photosynthetic bacterial reaction center represented by a simplified model consisting of the reaction center and light- 
harvesting complexes (A), a three-dimensional model consisting of the L-. M-, H- and C-subunits (B, left) and the corresponding 
simplified model consisting of cofactors only (B, right). (C) illustration of the electron-transfer reactions with their associated 
reaction times. 












64 



For further reading 

R1. RE Blankenship, MT Madigan and CE Bauer (eds) Anoxygenic Photosynthetic Bacteria, 1995. Kluwer 
R2. J Deisenhofer and H Michel (1989) The photosynthetic reaction centre from the purple bacterium Rhodopseudo- 
monas viridis (Nobel Lecture). The EMBO J 8:2149-2169 
R3. DC Rees, H Komlya, TO Yeates, JP Allen and G Feher (1989) The Bacterial photosynthetic reaction center as 
a model for membrane proteins. Annu Rev Biochemistry 58: 607-633 
R4. JR Norris and A Schiffer (1990) Photosynthetic reaction centers in bacteria. C&ENews 68 (31): 22-37 
R5. CRD Lancaster and H Michel (1995) The structures of photosynthetic reaction centers from purpie bacteria as 
revealed by X-ray crystaliography. In: Anoxygenic Photosynthetic Bacteria (see R1) pp 503-526 
R6. G Drews and JR GoleckI (1995) Structure, molecular organization, and biosynthesis of membranes of purple 
bacteria. In: Anoxygenic Photosynthetic Bacteria (see R1) pp 231-257 
R7. A Vermeglio, P Joliot and A Joliot (1995) Organization of electron transfer components and supercomplexes. 

In: Anoxygenic Photosynthetic Bacteria (see R1) pp 279-295 
R8. G Feher (1998) Three decades of research in bacterial photosynthesis and the road leading to it: A personal 
account. Photosynthesis Research 55: 1-40 



References 

1 . DW Reed and RK Clayton (1968) Isolation of a reaction center fraction from Rhodopseudomonas sphaeroides. 
Biochem Blophys Res Common 30: 471-475 

2. RK Clayton and RT Wang (1971) Photochemical reaction centers from Rhodopseudomonas sphaeroides. In: A 
San Pietro (ed) Methods in Enzymology, Vol 23A, pp 696-704. Acad Press 

3. G Feher and MY Okamura (1978) Chemical composition and properties of reaction centers. In: RK Clayton and 
WR Sistrom (eds) The Photosynthetic Bacteria, pp 349-386. Plenum 

4. G Gingras (1 978) A comprehensive review of photochemical reaction center preparations from photosynthetic 
bacteria. In: RK Clayton and WR Sistrom (eds) The Photosynthetic Bacteria, pp 105-132. Plenum 

5. C Hager-Braun, A Riedel, DL Xie, R Zimmermann, N Nelson and G Hauska (1995) Characterization of the 
photosynthetic reaction centre from Chlorobia. In: P Mathis (ed) Photosynthesis: From Light to Biosphere, Vol 
II, pp 171-174. Kluwer 

6. J Kyte and RF Doolittle (1982) A simple method for displaying the hydropathic character of a protein. J Mol Biol 
157: 105-132 

7. H Michel (1982) Three-dimensional crystals of a membrane protein complex. The photosynthetic reaction 
centre from Rhodopseudomonas viridis. J Mol Biol 158: 567-572 

8. J Deisenhofer, O Epp, K Miki, R Huber and H Michel (1984) X-ray structure analysis of a membrane protein 
complex. Electron density maps at 3 ~ resolution and a model of the chromophores of the photosynthetic 
reaction center from Rhodopseudomonas viridis. J Mol Biol 180: 385-398 

9. JP Allen and G Feher (1984) Crystallization of reaction center from Rhodopseudomonas sphaeroides: prelimi- 
nary characterization. Proc Nat Acad Scl, USA 81: 4795-4799 

10. C-H Chang, M Schiffer, D Tiede, U Smith and J Norris (1985) Characterization of bacterial photosynthetic 
reaction center crystals from Rhodopseudomonas sphaeroides R-26 by X-ray diffraction. J Mol Biol 186: 201 - 
203 

11. B Arnoux, JF Gaucher, A Ducrulx and F Relss-Husson (1995) Structure of the photochemical centre of a 
spheroidene-containing purple bacterium, Rhodobacter spheroides Y, at3~ resolution. Acta Crystallog, Sec- 
tion D, 51: 368-379 

12. J Deisenhofer, O Epp, I Sinning and H Michel (1995) Crystallographic refinement at 2.3 " resolution and 
refined model of the photosynthetic reaction center from Rhodopseudomonas viridis. J Mol Biol 246: 429-457 

13. J Breton and E Nabedryk (1987) Pigment and protein organization in reaction center and antenna complexes. 
In: J Barber (ed) The Light Reactions, pp 1 59-1 95. Elsevier 

14. U Ermler, G Fritzsch, SK Buchanan and H Michel (1994) Structure of the photosynthetic reaction centre from 
Rhodobacter sphaeroides at 2.65 ~ resolution: cofactors and protein-cofactor interactions. Structure 2: 925- 
936 




Chapter 3 



Light-Harvesting Pigment-Protein Complexes 
of Photosynthetic Bacteria 



I. The Light-Harvesting Pigment-Protein Compiexes 66 

A. Isolation and Spectrai Properties .66 

B. Protein structure 68 

II. An Early Model for the Light-Harvesting Pigment-Protein Complex 69 

III. Crystal Structure of the Light-Harvesting Complexes of Purple Photosynthetic Bacteria 71 

A. LH2 (B800-850) of Rhodopseudomonas acidophila 71 

B. LH2 (B800-850) of Rhodospirillum molischianum 75 

C. LH1 (B890) of Rhodospirillum rubrum 77 

D. LH1 (B875) oi Rhodobacter sphaeroides a Computational Model 78 

E. The Dimeric LH1»RC Supercomplex of Rhodobacter sphaeroides 78 

IV. Structure and Function of the Bacterial Photosynthetic Apparatus 81 



The photosynthetic apparatus of purple bacteria consists in part of a reaction center surrounded by 
several light-harvesting complexes, as shown schematically in Fig. 1 . The light-harvesting complexes 
B800-820 and B800-850 (LH2) and B875 (LHl) absorb light energy over a moderately wide spectral 
region in the near infrared (as well as in the blue region); the numbers in the names of the complexes 
refer to the wavelength, in nm, of characteristic absorption peaks. This energy is transferred down the 
B800/B820/B850/B875/B890 excitation-energy gradient, finally reaching the reaction center where it 
initiates photochemical charge separation and electron transport. This chapter discusses the isolation, 
structure and properties of these light-harvesting complexes. The role of carotenoids in the bacterial 
light-harvesting complex will be discussed briefly but in more detail later in Chapter 13. General aspects 
of energy transfer involving bacteriochlorophylls and carotenoids was first introduced in Chapter 1 . 



Photosynthetic membrane of purple bacteria 




B875 Bacterial B800-850/B800-820 
(LHl) RC (LH2) 

Fig. 1. Simplified representation of the spatial arrangement of the core [B875 (LHl)] and peripheral [B800-850 or B800-820 (LH2)] 
antenna complexes relative to the reaction center in the photosynthetic membrane of purple bacteria. 
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I. The Light-harvesting Pigment-Protein Compiexes 

I.A. Isolation and Spectral Properties 

The near- infrared absorption spectra of purple photosynthetic bacterial cells as well as their chromato- 
phore membranes show absorption bands near 800, 820, 850 and 870-890 nm, as illustrated in Fig. 2 (B) 
by the spectrum of Chromatium-vinosum chromatophores, where most of the absorption bands originate 
from the BChl molecules present in the membrane. The BChl-a molecules are present in three light- 
harvesting BChl-protein complexes: B875 with an absorption peak between 870 and 880 nm, B800-850 
with peaks at 800 and 850 nm, and B800-820 with peaks at 800 and 820 nm. Here the letter B refers to 
“bulk pigment,” and the numbers refers to the wavelengths of absorption peak of the complex in the near 
infrared. 

There are two types of light-harvesting complexes: the longer wavelength-absorbing “core” (or “in- 
ner,” or “proximal”) antenna, also known as “light-harvesting complex 1” or “LHl,” e. g., B875 in 
Rhodobacter sphaeroides or B890 in Rhodospirillum rubrum, and the shorter wavelength absorbing 
“peripheral” or “distal” complexes B800-850 and B800-820 (collectively known as “light-harvesting 
complex 2” or “LH2”). The core antenna complex is present in all photosynthetic bacteria and is inti- 
mately associated with the reaction center. As illustrated in Table 1, different photosynthetic bacteria can 
vary in their makeup of antenna complexes. For example, Rhodospirillum rubrum and the BChl b-con- 
taining Rp. viridis contain only the core antennae, B890 and B1015, respectively. It might be noted that 
B1015 is the longest wavelength absorbing antenna pigment yet known. Rhodobacter sphaeroides and 
Rhodobacter capsulata, on the other hand, contain both the core antenna B875 and the peripheral an- 
tenna B800-850. Chromatium vinosum and Rhodpseudomonas acidophila contain the core antenna and 
two additional peripheral antenna complexes, B800-850 and B800-820. 



Table 1. Peripheral- and Core-Antenna Complexes of Several Pholosynthelic Bacteria 



Photosynthetic bacteria 


Peripheral antennae 
(LH2) 


Core antennae 
(LHl) 


Rhodospirillum rubrum 
Rhodopseudomonas viridis 






B890 

B1015 


Rhodobacter sphaeroides 


B800-850 


-> 


B875 


Rhodobacter capsulata 


B800-850 




B875 


Chromatium vinosum 


B800-820 B800-850 


— > 


B890 


Rhodopseudomonas acidophila 


B800-820 ^ B800-850 


— > 


B890 



The antenna complexes transfer absorbed light energy along a gradient of excitation energy extending 
from the outermost, shortest wavelength complex in toward the reaction center. Unlike the core antenna, 
which is present in a fixed stoichiometry relative to the reaction center, the relative number of chloro- 
phyll molecules in the peripheral antennae may vary as a result of adaptation to the environmental con- 
ditions such as light intensity or temperature’. Under growth condition of high light intensity, for ex- 
ample, the peripheral antennae are present in smaller amounts, but in larger amounts when grown under 
low light intensity. This adaptability allows the bacteria to optimize their light-harvesting capacity with 
respect to the organism’s ability to use this energy in the subsequent dark reactions, according to the 
amount of light available by regulating the size of their photosynthetic unit according to the amount of 
light available. 
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Fig. 2. Spectra of the reaction center (A), chromatophores (B) and the light-harvesting complexes (C) of the purple bacterium 
Chromatium vinosum. From Thornber (1986) Biochemical characterization and structure of pigment-proteins of photosynthetic 
organism. In: LA Staehelin and CJ Arntzen (eds) Encyclopedia of Plant Physiology, New series, Vol 19, p 100. Springer Verlag. 

When BChl a is dissolved in an organic solvent it shows a single absorption band at 772 nm in the far- 
red region, but when BChl a is bound to a protein its absorption band is red-shifted to 800-900 nm as a 
result ofthe influence of its protein (and lipid) environment. The absorption peak of BChl b in an organic 
solvent absorbs at 790 nm, but when bound to a protein in an antenna complex its absorption band also 
shifts, in this case to 1015 nm. When the pigment-protein complex is denatured in some way, the red- 
shifted absorption band is seen again at the original shorter wavelength. 

Since the bacteriochlorophyll present in the light-harvesting complex accounts for the majority of all 
the bacterial pigments, its absorption bands can readily be identified even in the spectrum of the 
unfractionated membrane. On the other hand, the pigments belonging to the reaction center amount to 
only ~1% ofthe total BChl and its absorption is often masked by the bulk pigments. The BChl a present 
in the reaction center may be identified however in a purified reaction-center preparation isolated from 
the chromatophore membrane. This may be illustrated with Chromatium vinosum following fraction- 
ation and isolation of the reaction-center complex and the three antenna complexes from the chromato- 
phore membrane. Fig. 2 (B) shows the absorption spectrum of the unfractionated Chromatium chro- 
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matophores, while Fig. 2 (A) shows thatofthe isolated Chromatium reaction-center complex. The solid- 
line spectrum in Fig. 2 (A) represents the sample in the reduced state produced by addition ofdithionite 
and the dashed-line spectrum the sample in the oxidized state by addition offerricyanide or by illumina- 
tion. The three spectra in Fig. 2 (C) are those ofthe three different light-harvesting, bacteriochlorophyll- 
carotenoid-protein complexes. The four component spectra in Figs. 2 (A) and (C) should sum up to that 
ofthe unfractionated membrane in Fig. 2 (B). Spectrum analysis ofthe chromatophores shows that the 
883-nm band arises from the B890 complex, the 840-nm band from the B800-850 complex and the 804- 
nm band from a combination of the B800-850 and B800-820 complexes. The absorption band in the 
480-nm region in the chromatophore membrane and in the three light-harvesting complexes is mainly 
due to carotenoid. Also, all BChls have a so-called “Soret” band near 371 nm. 

Note that in the spectrum of the B 800-850 complex from C. vino sum, the 803 nm absorption band is 
only just slightly more intense than the band at 846 nm. On the other hand, the B800-850 complex 
isolated from Rhodobacter sphaeroides or Rhodopseudomonas capsulata has an 850-nm band about 1.5 
times higher than the 800-nm band (not shown here). When the B800-850 complex of a given species is 
found to have a high 800/850 ratio, it has been shown that there is always a B800-820 BChl-protein 
complex present [see Fig. 2 (C), left]. B800-820 is spectrally rather similar to B800-850, suggesting the 
former complex may be a variant of the latter. 



I.B. Protein Structure 



The “minimum” structural unit of each ofthe three light-harvesting pigment-protein complexes con- 
sists of two BChl molecules and one carotenoid molecule, each noncovalently bound to two low molecu- 
lar-weight (5-7 kDa) polypeptides designated as a and p. In the core antenna complex B1015 of Rp. 
viridis and other BChl 6-containing species, however, there is also ay-polypeptide. 

The amino-acid sequences ofthe a- and p-polypeptides ofthe B870 and B800-850 complexes from a 
number of photosynthetic bacteria is shown in Fig. 3. Each ofthe a- and P-polypeptides contains about 
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Rs. rubrum B870 
Rp. viridis B1015 
Rb. spheroides B870 
Rp. capsulata B870 
Rb. spheroides B800-850 
\_Rp. capsulata B800-850 
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Rp. capsulata B800-850 
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Fig. 3. Amino-acid sequences of the a- and p-polypeptides of the core (B870, B1015) and peripheral (B800-850) antenna com- 
plexes of purple photosynthetic bacteria. The two polar domains at the N- and C-termini are separated by thin, dashed lines from 
the middle hydrophobic domain. [1] and [2] mark the conserved histidines and [3] marks the conserved alanine residues. 
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50-60 amino acids. Sequence analysis shows that all the a- and P-polypeptideshave three domains. The 
polar N-terminal domain is located at the cytoplasm. The center portion ofthe polypeptide chain is made 
up of ~20 hydrophobic amino acids which form an a-helix spanning the membrane. The polar C-termi- 
nal domain is located near the periplasmic side ofthe membrane. The a-polypeptide has a single con- 
served histidine in the hydrophobic domain near the C-terminus (marked “[1]” in Fig. 3), while the p- 
polypeptide has a pair of conserved histidines, one in the hydrophobic domain near the C-terminus and 
the other in the N-terminal domain (marked “[2]” in Fig. 3). Each ofthese conserved histidines is thought 
to serve as a ligand to a Mg atom ofa BChl molecule, as suggested by resonance Raman studies. Various 
other conserved amino acids or their clusters may have specific functional roles with regard to pigment 
binding, protein conformation or, indirectly, spectral properties. For instance, the conserved alanine 
(marked “[3]”)» which is situated one helical turn away from the conserved histidine residue, “[1],” has 
been postulated as an additional interaction site for the BChl a heterodimer of the reaction center. 

It may be noted that the N-terminal domain ofthe a-polypeptide is shorter than that ofthe p-polypep- 
tide, while the C-terminal domain of the a-polypeptide is correspondingly longer. These differences 
may be of significance to the membrane surface organization. Note also that the a- and P-polypeptides 
of each complex show only 7-12% sequence homology, indicating a separation ofthe a- and P-gencs by 
gene duplication during the course of evolution. On the other hand, the a- (and P-) polypeptides from 
different light-harvesting complexes of the same organism show a relatively high degree of sequence 
homology. The a- (and P-) polypeptides from the same antenna complex but from different organisms 
also show a high sequence homology, suggesting a species relationship between antenna systems. 



II. An Early Model for the Light-Harvesting Pigment-Protein Complex 

On the basis ofthe primary-structure information discussed above, and the known, 1:1 stoichiometry 
of the a- and p-poiypeptides, Zuber*^'’ developed a model for the light-harvesting BChl-protein com- 
plexes, as shown in Fig. 4 (A). In this model the two polypeptides span the chromatophore membrane 
with their hydrophobic segments consisting of ~20 amino acids located in the hydrocarbon-tail region of 
the lipid-bilayer membrane. The polar N- and C-termini are located on the cytoplasmic and periplasmic 
sides, respectively. The hydrophobic amino acids in this model are present as an a-helix, in accord with 
the finding of a high helical content by circular dichroism^. 

In the model for B890, B850 or B1015, each ofthe a-helices binds a BChl-a molecule with the con- 
served histidine residue [shown as bold H in Fig. 4 (A)] near the C-terminus. In B800-850, each histidine 
near the C-terminus binds a BChl-a molecule that absorbs at 850 nm while a second conserved histidine 
near the N-terminus ofthe p-polypeptide presents one more binding site for yet another BChl a, the one 
absorbing at 800 nm. 

In the B890 and B800-850 complexes, strong CD bands appear in the 890- and 850-nm regions, re- 
spectively, indicating the presence of a pair of interacting BChl molecules^. The 800-nm absorption- 
band region shows no optical activity and is therefore assigned to a single BChl-a molecule. The ana- 
logue ofthe B890 complex in Rhodobacter sphaeroides, B875, contains two BChl a and two carotenoid 
molecules, but the CD spectrum near 880 nm is not very intense, indicating only a weak interaction 
between the BChl-a molecules. The counterpart of B 875 in the carotenoidless mutant of Rhodobacter 
sphaeroides, namely, B860, also contains two BChl-a molecules associated with the two polypeptides. 

In this model the aP-heterodimer is formed predominantly by an interaction of the amino-acid side 
chains near the cytoplasmic N-terminus. Fig. 4 (B) shows the ap-heterodimer in a tight packing arrange- 
ment, with the axes of the two helices at angle of -30° to each other (note that only the hydrophobic 
domains are shown). The figure also shows that planes of the two BChl-a molecules forming the primary 
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Fig. 4. (A) Transmembrane a- and p-polypeptides modeled for B870 in Rs. rubnim. The polar end segments of the three-domain 
structure consist of the N- and C-terminal domains corresponding to the demarcations shown in the amino-acid sequences in Fig. 
3. (B) The ap-heterodimer pair. (C) Model for a postulated cyclic hexamer, aePe, with tilted a- and p-helices. (D) Model for an 
arrangement of a-helices based on the Patterson calculation of diffraction data for the B800-850 antenna complex of Rp. acidophUa 
strain 10050. “a" (10.5 A) is the distance between nearest-neighbor helices; “b" (14.2 A) the diagonal packing distance; and "c" (24 
A) the center-to-center distance between bundles of 4 helices. Figure sources: (A) Zuber (1986) Structure of light-harvesting 
antenna complexes of photosynthetic bactena, cyanobacteria and red algae. Trends Biochem Sci, 11; 416; (B) Zuber (1987) The 
structure of light-harvesting pigment-protein complexes. In: J Barber (ed) Topics in Photosynthesis, Vol 8: The Light Reactions, p 
208. Elsevier; (C) Brunisholz and Zuber (1992) Structure, function and organization of antenna polypeptides and antenna com- 
plexes from the three families of Rhodospirillaneae. J Photochem Photobiol, B: Biol: 15: 130; (D) Cogdell and Hawthornthwaite 
(1993) Preparation, purification, and crystallization of purple bacterial antenna complexes. In: J Deisenhofer and JR Norris (eds) 
The Photosythetic Reaction Center, Vol 1 , p 39. Acad Press 



donor pair are approximately perpendicular to the membrane plane. The aP-heterodimer is asymmetric, 
with the BChl molecules located near the periplasmic side, and the cytoplasmic side providing a binding 
site for the polypeptides. The ap-heterodimer may thus be considered as the minimum unit of the light- 
harvesting complex, in terms of spectral properties. The particular location of the ap BChl pair forms 
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the basis for two-dimensional energy transfer from the antenna complexes to the special BChl pair ofthe 
reaction center, which is also located near the periplasmic region. 

The a(3-heterodimers, through their amino-acid side groups, can further interact to form larger aggre- 
gates ofthe antenna complex. One hypothetical model for B800-850 is ahexamer (i.e., 6x[a(3]) in which 
six twisted ap-heterodimers aggregate into a larger assembly, with the hatched areas in Fig. 4 (C) repre- 
senting 4 ofthe 12 BChl molecules. It should be mentioned that Scherz and Parson"^, using spectroscopic 
data, have also developed a model for the BChl-protein antenna complex. In their model, 2 heterodimers 
are assumed to be coupled to form U 2 p 2 as the minimum unit ofthe antenna complex. 

In the late 1980s, several bacterial antenna complexes were crystallized^'", but none appeared suitable 
for high-resolution. X-ray crystallography. Among crystals prepared from an antenna complex, only that 
ofB800-850 of Rps. acidophila has been studied. Results from preliminary crystallographic studies were 
interpreted as suggesting that an antenna complex contained three bundles of tt 2 P 2 units arranged as 
shown in Fig. 4 (D). Such an antenna complex would contain 6 a- and 6 P-polypeptides, 18 BChl-aand 
9 carotenoids. The distance between each helical pair is 10.5 A [marked “a” in Fig. 4 (D)], the diagonal 
packing distance is 14.2 A (marked “b”), and the distance between two tt 2 P 2 bundles is 24.0 A (marked 
“c”)- This model would also yield a molecular weight of 84 kDa for the intact complex, in agreement 
with reported values obtained by gel electrophoresis and by ultracentrifugation. However, as seen below 
in section IV, recent X-ray crystallographic measurements with suitable crystals of this light-harvesting 
complex have revealed an exquisite three-dimensional structure apparently quite different from those 
shown in Fig. 4. 

III. Crystal Structure of the Light-Harvesting Complexes of Purple Photosynthetic 
Bacteria 

Many difficulties needed to be overcome in the pursuit of a crystal of satisfactory quality, but once a 
suitable crystal became available, the successful determination ofthe three-dimensional structure ofthe 
bacterial light-harvesting complex quickly became a reality. The first such report was for the B800-850 
complex (LH2) of Rp. acidophila which had previously been extensively studied by standard methods 
and its crystallization intensively pursued^’ 



I II. A. LH2 {B800-850) of Rhodopseudomonas Acidophila 

In 1995, the three-dimensional structure ofthe light-harvesting complex B800-850 (LH2) ofthe pho- 
tosynthetic purple bacterium, Rp. acidophila strain 10050, was determined by McDermott, Prince, Freer, 
Hawthornthwaite-Lawless, Papiz, Cogdell and Issacs"by X-ray crystallography at a resolution of 2. 5 A. 
Contrary to the earlier model discussed in the previous section, analysis ofthe X-ray data showed that the 
Rp. acidophila B800-850 complex consists of 9 a- and 9 P-polypeptides, 27 BChl-a molecules, 13-14 
carotenoids, and 22 water molecules. Two cross-sectional views ofthe light-harvesting complex in the 
direction ofthe membrane plane but at two different depths along the length ofthe polypeptide, one near 
the periplasmic side and the other near the cytoplasmic side, are shown in Fig. 5 (A) and (B), respec- 
tively. Each aP subunit is associated with 3 BChl-a molecules and one carotenoid. The a- and P-polypep- 
tides, consisting of 53 and 41 amino acids, respectively, are presumed to span the membrane bilayer. The 
polypeptides and BChl-a molecules in the cross-sectional views are labeled on the right side of Fig. 5 (A) 
and (B) [carotenoids are not shown]. To facilitate discussion, the helical portions ofthe a- and p-polypep- 
tide chains are shown with their residues labeled in Fig. 5 (C). The N-termini are located on the cyto- 
plasmic side and the C-termini on the periplasmic side. 
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As shown in Fig. 5 (A), the 9 helical a-polypeptides are arranged in the form of an inner cylinder with 
a 36-A diameter, while the 9 (3-polypeptides form a concentric outer cylinder with a 68-A diameter. Each 
a-polypeptides is parallel to the 9-fold axis to within an experimental error of ±2°, whereas each p- 
polypeptides is inclined by 15° relative to this axis. The transmembrane helices formed by residues 1 1 to 
36 [see Fig. 5 (C)] of both the a- and P-golypeptides (PP) are anchored to amphipathic helical tails at the 
N- and C-termini. The following hydrophobic residues are marked with solid dots in Fig. 5 (C): 



a-PP: Ile-6, Trp-7, Val-9, Trp-40, Phe-41, Tyr-44, Trp-45; and 
P-PP: Ala-1, Feu-3, Ala-5, Pro-38, Trp-39, Feu-40. 



have an anchoring effect in the membrane, while the hydrophilic residues lie on the cytoplasmic and 
periplasmic membrane surfaces, consonant with the bilayer lipid membrane. 

The 27 BChl-a molecules are distributed into two groups. The 18 BChl-a molecules ofthe first group, 
located near the periplasmic end ofthe complex, are ligated through their central Mg atoms to the con- 
served residues His-31 and His-30 ofthe a- and P-polypeptides, respectively. These a- and P-residues 




Fig. 5. Cross-sectional views of the Rp. acidophila B800-850 light-harvesting complex at two levels along the height of the 
complex. (A) Near the periplasmic side is the ring of 18 850 nm-absorbing BChl-a molecules, whose macrocylces are perpendicu- 
lar to the membrane plane, and sandwiched between the inner "cylinder" formed by 9 a-polypeptides and the outer "cylinder” 
formed by 9 p-polypeptides; (B) near the cytoplasmic side is the ring of 9 BChl-a molecules absorbing near 800 nm, whose planes 
are parallel to the membrane plane, and each of which is sandwiched between two p-polypeptides around the cylinder. Figures (A) 
and (B) retraced from the color plate in McDermott, Prince, Freer, Hawthornthwaite-Lawless, Papiz, Cogdell and Issacs (1995) 
Crystal structure of an integral membrane light-harvesting complex from photosynthetic bacteria. Nature 374: 520. 
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are pointing outward and inward, respectively, i.e., toward the interior ofthe annular space between the 
a- and p-cylinders. Thus a complete ring of 18 overlapping BChl-o molecules is formed within the 
annular space. The planes ofthe BChl-a macrocycles are perpendicular to the membrane, with the center 
of each macrocycle ~10 A from the periplasmic membrane surface. The phytol chains point toward the 
hydrophobic core of the assembly. These overlapping BChl-a molecules are strongly exciton-coupled, 
and are responsible for the 850-nm absorption ofthe B800-850 light-harvesting complex. 

The second group of 9 BChl-a molecules is near the cytoplasmic end, with each sandwiched in be- 
tween the P-polypeptide helices [see Fig. 5 (B)] and with their macrocycle planes parallel to the mem- 
brane. Each of these pigment molecules is kept in position by ligation of its central Mg atom to the 
formyl carbonyl oxygen ofthe formylmethionine-1 residue at the N-terminal position ofthe a-polypep- 
tide. Note that this amino acid in most ofthe published literature is reported as a methionine, but recent 
X-ray work found it to be formylmethionine (“fMet” or “fM”), buried ~9 A from the cytoplasmic mem- 
brane surface. The ligated BChl-a molecules are ~1 1 A from the cytoplasmic surface while the Mg-to- 
Mg distance between neighboring BChl-a molecules is 21 A. It is these 9, largely non-interacting {i.e., 
monomeric) BChl-a molecules that make up the 800 nm-absorbing component ofthe B800-850 com- 
plex. The phytol chains of these 9 BChl-a molecules on the cytoplasmic side are directed into the hydro- 
phobic core ofthe assembly and are in van der Waals contact with each other, and the polypeptide 
residues also intertwined, with the phytol chains ofthe 18 B850 BChl-a molecules on the periplasmic 
side, which themselves are coordinated to the a- and P-polypeptides. The Mg-to-Mg distance between 
the two rings of BChl-a molecules in B800 and B850 is 17.6 A. 

Two detailed views ofthe B800-850 complex, one normal to and one along the membrane plane, are 
shown in Fig. 6 (A) and (B), respectively. Here the a- and P-polypeptides, BChl-a and carotenoids [in 
(B) only] are shown. The placement and orientation of the polypeptide and pigment molecules can be 
readily discerned. Corresponding color figures of the Rp. acidophila LH2 complex are shown as Color 
plates 3 (A) and (B) in the color-plate section near the beginning ofthe book. It should be mentioned that 
more than 10 years before the X-ray diffraction studies the orientation ofthe BChl-a molecules ofB800 
and B850 was correctly deduced by Kramer, van Grondelle, Hunter, Westerhuis and Amesz’^ from 
fluorescence-polarization studies. These authors also determined the ratio ofthe BChl-a molecules in 
B850 to B800 to be 2, but their proposed a model consisting of only 4 B850-BChl a, 2 B800-BChl a and 
3 carotenoid molecules in the complex. Also noteworthy is the prediction made sometime ago by Mon- 
ger and Parson^"^, Sauer and Austin^, Miller*^’ and Stark, Kiihlbrandt, Wildhaber, Wehrli and 
Miihlethaler*^ that the bacterial reaction center is surrounded by the core antenna complex LHl (B890). 
However, the assuming of an analogous cylindrical shape by LH2 (B800-850), given its homology with 
LHl, was not anticipated. As shown in Fig. 4 (D) above, LH2 had been assumed in one model to be a 
cyclic trimer ofa 2 P 2 units held together by hydrophobic interactions between the polypeptide helices, in 
some ways similar to the current model. 

The environments ofthe macrocycles of two groups of BChl-a molecules in B800-850 are distinctly 
different. That for the 18 BChl-a molecules of B850 is predominantly hydrophobic, as they are in con- 
tact with various non-polar amino-acid residues from both the a- and P-polypeptides (marked with small 
dots and numbered in Fig. 5 (C)]. On the other hand, the 9 B800 BChl-a molecules are in a relatively 
polar environment; each is in contact with His- 12 from the P-polypeptide, the formyl group on fMet on 
the a-polypeptide, and a water molecule near His-12. There is also a strong hydrogen bond between 
Arg-20 of the p-polypeptide and the 2-acetyl carbonyl oxygen ofthe BChl a. The X-ray structural results 
can therefore account for the different optical properties ofthe BChl-a molecules in B800 and B850 in 
terms oftheir chemical environment. 
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Fig. 6. Schematic representation of the B800-850 compiex from Rp. acidophila viewed from the periplasmic side of the membrane 
(A) and along the membrane plane (B). The 18 BChl-a molecules in the B850 ring are arranged with their macrocycle planes 
perpendicular to the membrane and lie within the annular space between the a- and p-polypeptide cylinders while the 9 BChl-a 
molecules in the B850 ring are arranged with their macrocycle planes parallel to the membrane and are sandwiched in between 
the 9 8-polypeptlde chains. Nine carotenoids span the membrane and each is in close contact with two BChl-a molecules. Figure 
souce: Cogdell, Fyfe, Barrett, Prince, Freer, Isaacs, Glynn and Hunter (1996) The purple bacterial photosynthetic membrane. 
Photosynthesis Res 48: 57. See Color Plate 4, (A) and (B) for these figures in color. 
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The X-ray crystal-structure determination revealed a lack of any direct, helix-helix interaction be- 
tween the a- and P-polypeptides within the hydrophobic core, as had been expected on the basis of 
earlier models [see Fig. 4 (B) and (C) above]. The association of the fMet-1 residue at the N-terminal of 
each a-polypeptide to a B800 BChl-a molecule prevents direct interaction between radially paired a- 
and P-helices. Interactions between the membrane-core helices are mediated only via pigment mole- 
cules or buried water molecules. The only polypeptide interaction occurs at the N- and C-terminal tails. 
In the C-terminal tail the large aromatic residues (a-Trp 40, a-Tyr 44, a-Trp 45 and P-Trp 39) contribute 
to binding between polypeptides via hydrogen bonds and hydrophobic interactions [see Fig. 5 (C)]. 

Each molecule ofthe carotenoid rhodopin glucoside [see Fig. 5 (D)] inthe B800-850 light-harvesting 
complex is in its extended conformation and able to span the width of the membrane. The glucosyl ring 
is associated with the a-polypeptide via Lys-5 and Thr-8 [marked with an “x” and numbered in Fig. 5 
(C)]. Along the carotenoid chain, van der Waals contact (<3.5 A) is made with various hydrophobic 
residues from neighboring a- and P-polypeptides, as well as with the B850 and B800 BChl-a molecules. 
The two methyl groups at the other end ofthe carotenoid are in contact with a-His 31, the same residue 
that is a ligand for a B850 BChl-u molecule. This exquisite intertwining between the carotenoid and the 
BChl-fl molecules of B800 and B850 readily explains the high efficiency with which carotenoids can 
transfer excited singlet-state energy to, and accept triplet-state energy from, BChl-a molecules. 



III.B. LH2 (B800-850) of Rhodospirillum molischianum 

Isolation and biochemical characterization of the light-harvesting complex LH2 of Rhodospirillum 
(Rs.j molischianum has been carried out by Germeroth, Lottspeich, Robert and Michel’*. The complex 
was found to be composed of aP-heterodimer-pigment units, each containing a 5. 94-kDa a-polypeptide 
(PP) with 56 amino- acid residues and a 5.13 kDaP-PP with 45 amino-acid residues, and having a 1:1:3:1 
stoichiometry for a ; P : BChl a : lycopene, with a total molar mass of 14.3 kDa. The apparent size ofthe 
complex itself was subsequently determined by Kleinekofort, Germeroth, van den Broek, Schubert and 
Michel’* by analytical ultracentrifugation using sedimentation equilibrium analysis. The finding of 1 14.5 
kDa for the molar mass ofthe polypeptide-pigment complex was taken as evidence that it was an octamer 
of the aP heterodimer-pigment unit. 

The three-dimensional octameric structure ofthe LH2 ofR.s. molischianum was established soon after 
by the X-ray work of Koepke, Hu, Muenke, Schulten and Michel’^ at 2.4-A resolution. The three-dimen- 
sional structure of the Rs. molischianum LH2 complex as viewed from the cytoplasmic side and along 
the membrane plane is shown in Fig. 7, with color figures ofthe LH2 complex shown in Color plates 4 
(A) and (B). The orientation ofthe BChl-a molecules ofB850 and B800 and the tilt ofthe carotenoid 
chains can be clearly seen particularly in Color plate 5 (B). 

The LH2 ofR.s. molischianum differs from that of Rp. acidophila in having an 8-fold rather than a 9- 
fold symmetry, but the basic structure ofthe two LH2 complexes are quite similar. The results of X-ray 
crystallographic study show that the Rs. molischianum LH2 complex consists of 8 a- and 8 P-polypep- 
tides arranged in 8 membrane-spanning pairs, 24 BChl-a molecules and 8 carotenoid molecules. A cross- 
sectional view of the LH2 complex of Rs. molischianum bisecting the membrane plane would thus 
appear very similar to that shown earlier in Fig. 5 for Rp. acidophila. The 8 aP-units form two concentric 
cylinders, both 50 A high, with the a-polypeptides forming the inner cylinder 31 A in diameter and the 
P-polypeptides the outer cylinder 62 A in diameter. 

Sixteen BChl-a molecules, with their macrocycles oriented perpendicular to the membrane plane, 
form a ring near the periplasmic surface sandwiched between the a- and P-polypeptide cylinders. These 
16 BChl-fl molecules, which constitute B850, are situated in a non-polar environment, with the Mg 
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atoms of each ligated to either a-His34 or P-His35. Six more aromatic residues, a-Phe43, a-Trp45, P- 
Trp39, P-Trp41, P-Trp44 and P-Phe45 cluster around each BChl a of B850 near the periplasmic side. 
Two tryptophans, a-Trp45 and P-Trp44, are within hydrogen-bonding distance of the 2-acetyl carbonyl 
oxygen atoms of a BChl-o molecule. 

The remaining 8 BChl-a molecules form another ring near the cytoplasmic surface, with each macrocycle 
located between two P-polypeptides and its plane tilted 38° away from the plane of the membrane [see 
Color plate 5 (B)]. Unlike the BChl-a molecules of B850, those of B800 are situated in a polar environ- 
ment. The center-to-center distance between nearest neighbor BChls is 22 A, much greater than that in 
the BChl fl-ringofB850. Also unlike the /?/?. acidophila'BSOO,v/hoseMg is ligated to formylmethionine, 
the Mg atom of the Rs. molischianum BChl a is ligated to an aspartate, a-Asp6. There is also a water 
molecule nearby which makes contact with both P-Hisl7 and the methyl-ester carbonyl oxygen on ring 
V of BChl a. 




Fig. 7. The octameric B800-850 light-harvesting complex (LH2) from Rs. molischianum (A) and the arrangement of the BChl-a 
molecules shown in (B), both viewed perpendicular to the membrane normal. In (A) the polypeptides are represented as cylin- 
ders with BChl-a molecules (the phytol chains are omitted for clarity) and the lycopenes are in view. In (B) the BChl molecules are 
represented by squares, with the bars representing the Qy transition dipole moments. Distances between the Mg-atoms of the 
nearest neighbor BChls in B800 and in B850 are given in A. Figure source: Hu, Damjanovic, Ritz and Schulten (1998) Architecture 
and mechanism of the light-harvesting apparatus of purple bacteria. Proc Nat Acad Sci, USA. 95: 5936. These same figures in 
color are shown in Color plates 5 (A) and (B). 
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In the B 800-850 complex (LH2) of Rs. molischianum one molecule of the carotenoid, lycopene, has 
been found for each a^-pair. The lycopene is in an d[\-trans configuration, spanning the entire trans- 
membrane hydrophobic core. Lycopene, having no polar end group, is anchored through an interaction 
of its conjugated polyene bonds with the aromatic amino acids a-Trp23, P-Phe20, P*Phe24 and (3-Phe27, 
which cluster around lycopene less than 5 A away. The crystal structure also shows that lycopene is 
within 5 A of the phytol tails of the BChl-a molecules ofB850, fulfilling the requirement for its role as 
a photoprotective agent by quenching the excited triplet states of BChl-a molecules. 



III.C. LH1 (B890) of Rhodospirillum rubrum 

It is known from previous biochemical characterizations’^'’*^^ that LHl of Rs. rubrum, like the LH2 
complexes just discussed, also consists of two types of polypeptides, a and p, containing 52 and 54 
amino-acid residues, respectively. Each polypeptide has an a-helix spanning the membrane. Two con- 
served histidine residues (a-His29 and P-His37) have been implicated in the binding of BChl a, each 
aP-subunit being associated with 2 BChl-a molecules, as well as 1 carotenoid molecule, spirilloxanthin. 

It has long been postulated^’ that the core antenna complex LHl in photosynthetic bacteria sur- 
rounds the reaction center. In Rs. molischianum, presumably because the core antenna complex LHl is 
strongly associated with the reaction-center complex, Boonstra et al.^^ found that it could not be isolated 
without altering its spectral properties. However, Boonstra et reported that the spectrally homo- 
geneous LHl complex from Rb. sphaeroides, on the other hand, could be isolated intact. The LHl from 
the carotenoidless mutant Rhodospirillum rubrum has, however, been isolated and characterized byNunn, 
Artymiuk, Baker, Rice and Hunter^^ in 1992. In the following year, Ghosh, Hoenger, Hardmeyer, 
Mihaitescu, Bachofen, Engel and Rosenbusch^"* succeeded in preparing two-dimensional crystals of the 
Rs. rubum LHl and in 1995 Karrasch, Bullough and Ghosh^^ used electron microscopy to examine 
crystals of this type from the carotenoid-containing wild-type rubrum. Image processing of electron 

micrographs obtained from frozen-hydrated, 2-dimensional crystals yielded a projection map ofLHl at 
8.5 A resolution, as shown in Eig. 8. 




Fig. 8. Image of the light-harvesting complex I of Rhodospirillum 
rubrum obtained by electron-microscopy anaiysis. Contours calcu- 
lated from the 8.5 A projection maps obtained with frozen-hydrated 
two-dimensional crystals of the LH1 complex. The outermost con- 
tour represents the (i-subunits and the next outermost the a-sub- 
units. The circle-like densities in the middle represent the BChl mole- 
cules. Inside the LH1 cylinder is a projection of the Rb. rubrum reac- 
tion center. The two parallel lines in the center represent the BChl 
special pair. The 20-A scale bar is at lower right. Figure source: 
Karrasch, Burlough and Ghosh (1995) The 8.5 A projection map of 
the light-harvesting complex I from Rhodospirillum rubrum reveals a 
ring composed of 16 units. EMBO J 14: 636. 




78 



The results of the X-ray diffraction and electron-microscopy studies ofLHl show striking similarities 
in architectural design with the light-harvesting complex LH2. The LHl complex also consists of the a- 
and P-polypeptides. Its density projection map shows a 16-fold rotational symmetry, the details of which 
suggest that the aP-heterodimer is the basic building block. The 16-ap-heterodimer cylinder of LHl, in 
contrast to the 9- and 8-unit cylinders of the respective LH2s of Rp. acidophila and Rs. molischianum, is 
clearly designed to accommodate the reaction center inside. Each of the 16 subunits, as illustrated in Fig. 
8, contains three distinct domains. The densities for the a- and P-subunits are well resolved and the 
innermost densities (dark, heavy circles) may be assigned to the BChls. The ring in the projection map 
has an outer diameter of 116 A and an inner diameter of 68 A. With a height of 45 A and embedded in the 
membrane bilayer, the LHl cylinder would be well-suited to accommodate the reaction center inside. 

III.D. LH1 (B875) of Rhodobacter sphaeroides a Computational Model 

Because of a lack of suitable crystals for the LHl antenna complex of Rb. sphaeroides, no direct high- 
resolution determination of its structure has yet been made. However, Hu and Schulten^® have recently 
modeled this LHl complex, B875, using computational methods. For their work they considered (1) the 
very similar sequence homology between the aP-heterodimerofthe LHl complex and that of the LH2 
complex of Rs. molischianum and (2) secondary- structure identity as a criterion for choosing a modeling 
template. A structure was then obtained whose electron-density projection map is in good agreement 
with the electron-microscopic projection map for the highly homologous LHl of Rs. rubrum]mi de- 
scribed and shown in Fig. 8. 

In this work the Rb. sphaeroides LHl was modeled as a circular aggregate of 16 aP-heterodimers, i.e., 
a hexadecamer, as shown in the side and top views, respectively, in Color plates 5 (A) and (B). The 16 
aP-heterodimers form two concentric cylinders, with the a-polypeptides on the inside and the P-polypep- 
tides on the outside. The diameters ofthe inner and outer cylinders are 78 and 108 A, respectively. Color 
plate 5 (C) shows the calculated projection map of Rb. sphaeroides LHl superimposed onto the 8.5-A 
electron-microscopy projection map of Rs. rubrum LHl measured previously by Karrasch et al?^' The 
contours ofthe two projection maps appear to be a good match, indicating that the polypeptides in the 
calculated model are probably positioned correctly. 

In each ap-heterodimer, residues Asp 12 to Thr3 8 ofthe a-polypeptide and residues Thr 13 to Arg 46 
of the p-polypeptide form transmembrane helices. The a- and p-helices are tilted by 1° and 8°, respec- 
tively, from the membrane normal. Each aP-heterodimer binds a carotenoid molecule, spheroidene, and 
a pair ofB875 BChls, the two BChls being sandwiched between the a- and P-polypeptides with their 
macrocycles oriented perpendicular to the membrane plane. The distance between the Mg atoms of two 
radially neighboring BChls between the aP-cylinders is 9.2 A and between the Mg atoms of two nearest 
BChl neighbors on the circumference is 9.3 A. The Mg atoms of the two nearest BChls between the 
cylinders are ligated to two conserved histidines, a-His32 and P-His39. These two BChls are also hydro- 
gen-bonded to a-Trp43 and P-Trp48. 

1 1 I.E. The Dimeric LH1»RC Supercomplex of Rhodobacter sphaeroides 

Recently the core light-harvesting complex LHl of Rb. sphaeroides cells that are devoid of LH2 have 
been found to have a different structure^^’ It was previously reported that when cells are devoid of 
LH2 either by gene deletion ’ or by growing in the presence of nitrate , membrane tubes ~ 1 00-nm in 
diameter and 0.5 to 2 pm long are formed in the cytoplasmic membrane region, in addition to the chro- 
matophores, as shown in Fig. 9 (A) by the electron micrograph of spheroplasts isolated from cells of Rb. 
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Fig. 9. (A) Electron micrograph of (negatively stained) spheroplasts of Rb. sphaeroides strain RCLH10. (B) Freeze-fracture 
electron micrograph of the membrane tubes induced in cells grown in the presence of nitrate. Figure source: (A) Jungas, Ranck, 
Rigaud, Joliot and Vermbglio (1999) Supramolecular organization of the photosynthetic apparatus of Rhodobacter sphaeroides. 
EMBO J 18: 535; (B) Vermeglio and Joliot (1999) The photosynthetic apparatus of Rhodobacter sphaeroides. Trends in Microbi- 
ology 7: 438. 



sphaeroides strain RCLHIO. An ordered arrangement of particles ~1 10 A in diameter in the membrane 
tubes induced in the cytoplasmic membrane of Rb. sphaeroides cells grown in the presence of 200 mM 
nitrate is shown in the freeze-fracture electron micrograph in Fig. 9 (B). 

Jungas, Ranck, Rigaud, Joliot and Vermeglio^ ^ examined the purified membrane tubes and found them 
to contain all the components of the photosynthetic apparatus: BChl molecules, the RC complex and Cyt 
bc] complex. The main absorption spectrum recorded at 77 K for the purified tubular membrane in Fig. 
10 (A) shows major absorption bands at 590 and 880 nm, corresponding to the Q^^and Q^transitions of 
the LHl-BChl. Typical absorption bands at 804 and 760 nm corresponding to those of BChl and BO of 
the reaction center and the triple bands at 445, 472 and 505 nm of carotenoid are also seen. The presence 
of Cyt hC| is also confirmed by the reduced-minus-oxidized difference spectrum in the a-band absorp- 
tion region of cytochromes (see inset); the difference spectrum shows bands centered at 548, 556 and 
561 nm characteristic of cytochromes C\, bu and respectively. 




(B) 



Polypeptide composition: 

(by gel electrophoresis) 

Cyt b - 43 kDa 
Cyt c, - 33 kDa 

3 RC bands - 28, 26 and 24 kDa 
Rieske FeS - 20 kDa 
Subunit IV - 14 kDa 
2LH1 bands - 11, 8 kDa 

BChl/RC = 24 



Fig. 10. Absorption spectrum of purified tubular membrane of Rb. sphaeroides at 77 K. The inset shows the dithlonite-mlnus- 
ferricyanide difference spectrum of the same sample in the cytochrome a-band region. The right side shows results of gel- 
electrophoresis measurements. See text for discussion. Figure and data source: Jungas, Ranck, Rigaud, Joliot and Verm6glio 
(1999) Supramolecular organization of the photosynthetic apparatus of Rhodobacter sphaeroides. EMBO J 18: 536. 
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The presence of these components in the tubular membrane was further confirmed by gel-electro- 
phoresis, as summarized in Fig. 10 (B). Characteristic polypeptide bands are seen for the RC subunits at 
28, 26 and 24 kDa, the cytochrome bands at 43 and 33 kDa, the Rieske iron-sulfur protein (R-FeS) and 
subunit IV at 20 and 14 kDa, respectively, and the two LHl subunits at 11 and 8 kDa. Jungas et 
determined the ratio ofBChl molecules to the reaction center to be 24, and ratio ofCyt bc^ to RC to be 
-0.5. Also the Cyt 6c|-to-RC ratio did not change significantly during the course ofpurification. 

The high degree of organization in the tubular membrane seen in Fig. 9 (B) suggests the natural two- 
dimensional crystalline state may be subjected to electron-microscopic analysis. Electron micrographs 
of negatively stained membranes diffract up to 25 A and allow the calculation of diffraction map at 20- 
A resolution, as shown in Fig. 11. Here the outlined unit cell (a=198 A, b=120 A and y= 1 03°) contains an 
elongated S-shaped supercomplex composed of two C-shaped structures of external diameter of 1 12 A, 
with the openings of the two C-structures facing each other and each enclosing a protein mass. In addi- 
tion, a positive density is also found to be present between the two C-shaped structures. 

Taking into consideration the composition and stoichiometry revealed by the absorption spectra and 
gel-electrophoresis as presented in Fig. 10, Jungas et al?^ suggested, first of all, each C-structure repre- 
sents aLHl complex. This assignment agrees well with the 8.5-A projection map ofthe LHl complex of 
Rs. rubrum shown in Fig. 8. In fact, 3/4 ofthe projection structure ofthe RA rubrum LHl complex can 
be superimposed with the C-shaped projection map of Rb. sphaeroides in Lig. 1 1 . Since the Rs. rubrum 
LHl complex consists of 1 6 ot|3 subunits and 32 BChl molecules arranged along the closed ring of 1 1 6 A 
diameter, Jungas et al. deduced from the BChl/RC ratio of 24 in the tubular membrane of Rb. sphaeroides 
that 12 ccP subunits and 24 BChl molecules would be arranged circumferentially along the rim ofthe C- 
structure, or 3/4 ofthe closed-ring circumference. The protein mass inside the C-shape is attributed to 
one RC, also consistent with that found in the Rb. rubrum complex. The positive density between the two 
C-shaped structures, although difficult to be localized precisely at the present moment, is tentatively 
attributed to one Cyt hc^ complex, consistent with the stoichiometry of 0.5 found for the Cyt bc\IKC 
ratio. Thus, electron microscopy of the tubular membrane together with the composition data have re- 
vealed an S-shaped, dimeric supercomplex that may be written as [(LMl-RC)*(Cyt />c-i)*(LHFRC)J. 




Fig. 11. Projection map at 20 A resolution of a negatively stained native tubular membrane of Rhodobacter sphaeroides. The 
basic unit, 198 A long and 1 12 A wide, contains an elongated S-shaped supercomplex composed of C-shaped structures facing 
each other. Figure source: Jungas, Ranck, Rigaud, Joliot and Verm6glio (1999) Supramolecular organaation ofthe pholosyn- 
thetic apparatus of Rhodobacter sphaeroides. EMBO J 18: 538. 
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IV. Structure and Function of the Bacterial Photosynthetic Apparatus 



As mentioned earlier, a structural model that many workers^’ over the years had suggested for the 
bacterial photosynthetic apparatus consisted of the reaction center inside a cylinder of the core antenna. 
Based on the cylindrical structures ofLH2 oiRp. acidophila and LHl of Rs. rubrum , Kiihlbrandt 
presented a model in 1996 for the bacterial photosynthetic unit as shown in Fig. 12 (A). It is of interest to 
note that in 1997 Walz and Ghosh^^ prepared two-dimensional crystals ofthe LH 1 *RC complex from Rs. 
rubrum and obtained electron micrographs which confirmed that the RC is located inside the LHl cylin- 
der, as LHl in the undissociated RC-LHl complex has the same ring diameter as that for the reconsti- 
tuted LHl reported by Karrasch et al?^. 



Periplasmic side 




(C) 




Fig. 12. (A) Schematic drawing of the relative positions of BChl molecules in the RC. LHl and LH2 complexes of the bacterial 
photosynthetic membrane. The core antenna complex LHl surrounds the RC complex. The BChl molecules of the RC special pair 
as well as B875 and B850 are near the periplasmic side. (B) A simulated model for the bacterial photosynthetic unit consisting of 
the RC LH1 complex of Rb. sphaeroides and LH2 of Rs. molischianum. BChl molecules are represented by squares in both (A) 
and (B). (C) Schematic drawing of the photo-induced cyclic electron-transfer chain in Rb. sphaeroides. The stoichiometry of 
electrons and protons corresponds to the absorption of two photons by the reaction center. Figure source; (A) Kiihlbrandt (1995) 
Structure and function of bacterial light-harvesting complexes. Structure 3: 521; (B) Hu and Schulten (1998) Model for the light- 
harvesting complex I of Rhodobacter sphaeroides. Biophys J 75: 692. (C) Vermeglio and Joliot (1 999) The photosynthetic appa- 
ratus of Rhodobacter sphaeroides. Trends in Microbiology 7: 436. Fig. (B) in color is shown in Color Plate 3. 
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With the information on the three-dimensional structure of both LH2 and LHl now available, plus the 
recent computer simulation of the LHl structure, it is possible to construct a complete model for the 
photosynthetic unit of the purple bacteria, as the structure of the reaction center is already well known. 
Accordingly, Hu, Damjanovic, Ritz and Schulten^^ have recently reported a model for bacterial photo- 
synthetic unit comprised of the reaction center and LHl of Rb. sphaeroides plus an LH2, as shown in 
Fig. 12 (B) [also see Color plate 1]. Since it was not known at the time whether the Rb. sphaeroides LH2 
was an octamer or nonamer, the known structure of LH2 of Rs. molischianum was used in its place. In 
this model, it was necessary that the cylindrical aggregate contain at least 16 ap-heterodimersto be large 
enough to accommodate the reaction center. The BChl molecules in the LHl and LH2 cylinders and the 
special BChl pair [Pa'Pb] of the reaction center are near the periplasmic side. Furthermore, analysis of 
the structures ofLH2 and LHl has shown that the BChl molecules ofBSSO and B875 are non-covalently 
bound to side-chain atoms ofthe a- and P-polypeptides in away that keeps the BChl molecules held in 
a coplanar orientation. Such a coplanar organization ofthe BChl molecules in the bacterial photosyn- 
thetic unit may serve for efficient excitation-energy transfer to the reaction center. However, it is worth 
noting that such a coplanar arrangement has not been observed either in the green-plant light-harvesting 
LHC -2^"^ or in the cyanobacterial photosystem 

The encircled structure ofthe RC inside the cylinder of light-harvesting LHl had previously raised the 
question as to how quinone-quinol transfer occurs between the RC and Cyt hc\ duringphotoinduced 
cyclic electron transfer [refer to Fig. 12 (C)]. The new structure found in the supercomplex consisting of 
the photosynthetic unit, or the dimeric [(LHLRC)*(Cyt i>C|)»(LHl RC)] complex, has provided one 
solution for this question. The positioning of two C-shaped LHl complexes would provide a pathway for 
efficient exchange of quinones between the RC and the Cyt-6C| complex during photoinduced cyclic 
electron transfer. The density in the projection map inside the C-shaped structure is considered to be 
consistent with the M-subunit ofthe RC, or the site ofthe secondary-acceptor Qq, facing the gap ofthe 
C-structure for such a pathway to be formed. Finally it may be mentioned that Vermeglio and Joliot^^ 
have recently summarized other supports based on functional studies for the supercomplex. There re- 
mains a question as to whether the organization ofthe newly found S-shaped supercomplex is restricted 
only to Rb. sphaeroides and whether it might be generalized to other species of purple bacteria. 

In spite ofthe possible different organizations in the LHC*RC complexes, energy transfer takes place 
from the peripheral light-harvesting complexes to the core complex and then to the reaction center. An 
energy cascade, funneling electronic excitation energy from peripheral ones via the core complex LHl 
to the reaction center, is illustrated schematically in Fig. 13 (see next page). In funneling excitation 
energy into the reaction center the transfer takes place by two routes: an intracomplex process (repre- 
sented by the vertical dashed arrows in Fig. 13), i.e., transfer within each ofthe LH2, LHl complexes, 
and an intercomplex process (represented by the slanted arrows in Fig. 13) between the pigment-protein 
complexes, i.e., LH3->LH2, LH2->LH1 and LH1->RC. Time -resolved spectroscopy has revealed that 
energy transfer within the photosynthetic unit to the reaction center takes place in less than a picosecond 
with an efficiency near unity^^. 
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Fig. 10. Transfer of electronic-excitation energy in the photosynthetic unit of purple bacteria. The figure shows a funneling of 
excitation energy from different energy levels (left scale) toward the reaction center. The vertical dashed anows indicate intracomplex 
transfers, and the slanted solid arrows indicate intercomplex transfers. Note that LH1 exists in all purple bacteria while LH2 exists 
in most and LH3 exists only in certain species. Figure source: Hu, Ritz, Damjanovic and Schulten (1997) Pigment organization 
and transfer of electronic excitation in the photosynthetic unit of purple bacteria. J Phys Chem 101: 3859. 
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The primary electron donor of photosynthetic bacteria is a BChl dimer [BChl] 2 , often called the 
“special pair.” The term “primary electron donor” signifies that it is the first species undergoing a charge 
separation following the absorption of a photon of energy by the bulk pigment. Upon charge separation, 
the excited primary donor loses an electron to the adjacent primary electron acceptor and thus becomes 
oxidized. The primary donor is commonly abbreviated as “P,” which stands for “pigment,” a designation 
first introduced by Duysens’^’ in 1952. It is also sometimes designated as “D,” standing for “donor,” but 
in the text “D” will sometimes represent the secondary electron donor. 




Fig. 1. Schematic representation of the reaction center of purple photosynthetic bacteria (A) and a stereogram of the BChl 
molecules and Pb of the primary electron donor, or "special pair” (B). Fig. (B) source: Huber (1988) A structural basis of light 
energy and electron transfer in biology [Nobel lecture]. Bioscience Reports 9: 643. 
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The three-dimensional structure of the bacterial photosynthetic reaction center, including its primary 
electron donor in the two purple photosynthetic bacteria, Rhodopseudomonas (Rp.) viridis and Rhodobacter 
(Rb.) sphaeroides, has been determined by X-ray crystallographyi-3. The special pair of bacteriochloro- 
phyll molecules, e.g., [BChl a ]2 ini?&. sphaeroides or [BChlb ]2 in Rp. v/ndw, is circled in Fig. 1 (A) and 
shown as a skeletal stereogram in Fig. 1 (B). As previously described, the two BChl-& molecules in Rp. 
viridis are located at the interface of the L- and M-subunits between the D- and E-helices (see Fig. 7 in 
Chapter 2). The special-pair primary donor can therefore be written as [Pa'Pb] (or [Da'DbD- The pyrrole 
rings I of and Pp are nearly coplanar with an interplanar distance of 2.3 A, although the center-to- 
center ring distance is ~7 A. The Mg atoms of P^ and Pg are ligated to histidine residues on the L- and M- 
subunits, respectively. The acetyl groups on rings I of Pa and Pq form hydrogen bonds with tyrosine on 
the L-subunit and histidine on the M-subunit, respectively. The absorption spectra shown for the 500- 
1100 nm region of the bacteriochlorophyll in the reaction centers of Rb. sphaeroides and Rp. viridis 
differ substantially from those ofthe free pigments in an organic solvent, as illustrated in Fig. 2 below. 
The difference is likely due to some interaction between the BChl and a neighboring BO 
(bacteriopheophytin) molecule as well as between the BChls themselves in the special pair, and possibly 
to some influence ofthe protein. 




Wavelength 



Fig. 2. Absorption spectra of BChl a in petroleum ether and the Rb. sphaeroides R-26 reaction-center preparation (A) and of BChl 
b in ether and in the BChi 6-containing Rhodopseudomonas viridis reaction-center preparation (B). Figure source: (A) Reed and 
Peters (1972) Characterization of the pigments in reaction center preparation from Rhodopseudomonas sphaeroides. J Bioi 
Chem246: 7148; (B) Parson, Scherz and Warshel (1985) Calculation of spectroscopic properties of bacterial reaction centers, in: 
ME Michel-Bayerle (ed) Antennas and Reaction Centers of Photosynthetic Bacteria, p 123. Springer Verlag. 






Chapter 4 The Primary Electron Donor (P) of Photosynthetic Bacteria 



89 



The initial notion of an early, electron donor in photosynthetic bacteria was conceived nearly fifty 
years ago. In the 1950s Duysens*^’, upon illumination of the photosynthetic hacterium Rhodospirillum 
(Rs.) rubrum, observed an absorbance change representing cytochrome oxidation and, in addition, a 
small (1-2%), reversible absorbance change in the far-red region of the absorption spectrum, with the 
major portion of the change being a decrease at -870 nm. This latter change, because of its wavelength 
position, was judged to originate from the bacteriochlorophyll. Later, Goedheer"^ found that the same 
absorbance change could also be produced when the bacterium was treated with an oxidizing agent. 
Thus, it was concluded that illumination of the photosynthetic bacterium causes a reversible oxidation of 
one of its BChl molecules. 

In the 1960s, Clayton* investigated these absorbance changes and posed the significant question of 
whether the small absorbance change was due to a small decrease in absorption by all of the BChl 
molecules or due to a gross alteration, presumably oxidation, of only a small fraction of the BChl 
molecules. Two subsequent experiments settled the question in favor of the second postulate. Clayton 
and co-workers®’’ found that a photosynthetically incompetent mutant of Rb. sphaeroides called PM-8 
that grew aerobically by drawing energy from respiration did not produce any absorbance change under 
illumination, even though it contained a normal quantity of bacteriochlorophyll molecules. The result 
indicated that the small, light-induced absorbance change apparently originates from some special BChl 
molecule constituting a primary donor. In a second experiment the bacterial chromatophores ofRb. 
sphaeroides were treated with the strong oxidant, potassium chloroiridate (K 2 lrCl 6 ). The oxidant 
chloroiridate caused a selective degradation of the antenna BChl molecules, bleaching most of their 
long-wavelength absorption band, while a small number of bacteriochlorophyll molecules presumably 
belonging to the primary electron donor were apparently not altered by the oxidant and remained intact. 
Furthermore, the normal chromatophores treated with the strong oxidant could still produce the small 
absorbance change at 870 nm upon illumination but, as expected, the change was absent in the 
chloroiridate-treated Rb. sphaeroides mutant chromatophores. The results ofthese two experiments clearly 
show that the small absorbance change caused by illumination can be attributed to the oxidation of a 
component composed of a small fraction (1-2%) ofthe bacteriochlorophyll molecules present. The elec- 
tron donor, now known to be composed of a pair of BChl molecules, was named “P870,” with “P” 
denoting pigment and 870 the wavelength of maximum absorbance change, in the near infrared. The 
absorbance change associated with P870 not only takes place with a high quantum efficiency near unity*, 
but can also occur at temperatures as low as 1 K^. 

One might point out that it was Roderick Clayton (RC) who coined the term “xeaction center (RC).” 
After the introduction of this concept, research activity in this field grew rapidly, especially since the 
1960s. Here we will look first at the various consequences of P870 oxidation. We will use the notation 
[D-P-A] to designate the core composition ofthe reaction center, where P represents the primary electron 
donor, P870, D the secondary donor to the photooxidized primary donor and A the primary acceptor, 
with the nature ofthe latter two being unspecified for the moment. The sequence of changes undergone 
by these components in the reaction center following illumination may then be written as: 

BChI D P A + hv^ BChr-D P A -> BChl D P'-A ^ BChl D P* A' ->• BChl D' P A" 

i.e., light energy absorbed by the bulk bacteriochlorophyll molecules, BChl, is transferred to the reac- 
tion-center bacteriochlorophyll (P) and converts it into the excited state, P P*, whereupon excited P* 
rapidly loses an electron to become oxidized, P*-> P'^ + e , transferring the electron to the primary 
electron acceptor with simultaneous reduction of A to A , P* +A -> P' -t-A .The electron on A" continues 
to be transferred along an electron-transport chain while, in the meantime, P^ receives an electron from 
the secondary donor D and is restored to the reduced state, D P^ ^ D*' -i- P. 
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The change from the initial excited state to the final charge-separated state takes about 3 ps, an ex- 
tremely short time considering that the primary donor pair and are 17 A apart. In fact, Shuvalov and 
coworkers^° suggested some twenty years ago that a monomeric bacteriochlorophyll molecule (B^), 
believed to lie between P and B<I>a as shown in Fig. 1 (A), may serve as a bridging element in electron 
transfer: 

P'Ba'BOa'A + hv^ P*-Ba'B(Fa'A -)■ P^-Ba -BOa’A P -Ba-BcFa *A 

Although the question ofthe role of Ba in electron transfer has been controversial for some time, there 
have been some new developments, which will be discussed in Chapter 7. The question ofthe nature of 
the currently recognized reaction partner of photooxidized P870, i.e., the primary electron acceptor 
BC>a, and of how P870* is re-reduced by the secondary electron donor will be dealt with in Chapters 7 
and 10, respectively. In the remainder of this chapter we will discuss the physical and chemical proper- 
ties of the primary electron donor of photosynthetic bacteria. 

I. Spectral properties 

I.A. Absorption spectrum 

The absorption spectrum of the reaction centers isolated from the carotenoidless mutant of Rb. 
sphaeroides R-26 is shown by the solid curve in Fig. 3 (A). The absorption bands near 870, 800 and 600 
nm belong to BChl a, those near 760 and 535 nm belong the BC> a, and the band near 365 nm contains 
contributions from both BChl a and BO a. At low temperatures, the 535-nm band is resolved into a 532- 
nm and a 547 -nm band representing the transitions ofthe two BO-a molecules in slightly different 
environments. The band near 280 nm is due mainly to the aromatic amino acids of the protein. As 
revealed by circular dichroism ofthe reaction center (see next section), strong exciton interactions exist 
between the bacteriochlorophyll and bacteriopheophytin molecules, and therefore the entire absorption 
spectrum not only represents properties of individual pigment molecules but also “communal” property 
of all six chromophores. The large red shift ofthe 870-nm band relative to that ofthe monomeric BChl 
in an organic solvent, the near total bleaching ofP870 upon photooxidation, and the characteristic circu- 
lar dichroism in this wavelength region are all indicative that this band results from exciton interaction 
between the two BChl molecules in the P870 special pair. The extinction coefficient s of the reaction- 
center bacteriochlorophyll at 800 nm is 2.88X10" mM"'-cm‘‘. 

The dashed curve in Fig. 3 (A) is the absorption spectrum ofthe sphaeroides rediciion center under 
actinic illumination. The greatest change following P870 photooxidation is a near total bleaching ofthe 
870-nm band, plus some bleaching near 600 nm. In the BChl ^-containing bacterium, Rp. viridis, the 
major absorbance decrease occurs near 960 nm. For a better view of the absorbance change due to 
illumination, the light-minus-dark difference spectrum is shown in Fig. 3 (B). Here we can more clearly 
see an absorption band shift toward a shorter wavelength around 800 nm. There are other changes that 
are attributable to the special pair: an absorbance increase near 435 nm and extending to -570 nm and an 
increase at 1250 nm. All these changes result from the loss of an electron by P to form P' . The very small 
bleaching near 275 nm is mainly due to the reduction of ubiquinone; absorbance changes in other wave- 
length regions for this reaction are rather small and largely masked by the changes in the bacteriochloro- 
phyll absorbance. 
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Fig. 3. Absorption spectrum of the reaction-center particle of Rb. sphaemides R-26 in the dark-adapted state (solid line) and under 
actinic illumination (dashed line); (B) the light-minus-dark difference spectrum derived from the spectra in (A). Figure source: (A) 
Feher (1 970) Some physical and chemical properties of bacterial reaction center particles and Its primary photochemical reac- 
tants. Photochem Photobiol 14: 373; (B) Okamura, Feher and Nelson (1982) Reaction centers. In: Govindjee (ed) Photosynthe- 
sis, Vol 1. Energy Conversion by Plants and Bacteria, p 214. Acad Press. 



II.B. Circular dichroism (CD) Spectrum 

When a molecule contains an asymmetrically bonded atom, it exhibits an “intrinsic” optical activity, 
i.e., it absorbs left- and right-handed circularly polarized light to a different extent depending on wave- 
length, resulting in a difference in its absorption, i.e., AA = Al - Ar. This difference plotted as a function 
of wavelength is called a circular-dichroism (CD) spectrum. The normalized difference, i.e., AAcd/A, is 
usually small, of the order of 1 0^^ to 1 0"^ and its measurement requires sensitive instrumentation. Both 
the pyrrole ring and the phytol chain of a chlorophyll or bacteriochlorophyll molecule contain asymmet- 
ric atoms, and all such molecules in an organic solvent display characteristic circular-dichroism spectra. 
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Aside from the intrinsic circular dichroism originating from the molecular structure, a so-called “in- 
duced” optical activity may result when a molecule is situated in an asymmetric environment. Magnetic 
circular dichroism, for instance, may he produced hy applying an external magnetic field to an absorbing 
sample. Adsorption of pigment molecules on nucleic acids or protein molecules may also induce circu- 
lar dichroism. 

When two identical chromophores are sufficiently near each other, their transition dipole moments 
can interact, causing a splitting of the absorption bands. This splitting is especially prominent in circular 
dichroism, as the CD of the two bands have opposite signs. Furthermore, the amplitudes of these bands 
are often greater than those originating in asymmetric molecular structures. The room-temperature, cir- 
cular-dichroism spectra and normal absorption spectra of the reaction center from Rb. sphaeroides with 
P870 in the reduced and oxidized states are shown in the upper and lower halves of Fig. 4 (A) and the 
corresponding difference spectra are shown in Fig. 4 (B). The absorption and difference absorption 
spectra shown here are nearly identical to those shown in Fig. 3, but are presented here again because the 
oxidized sample was obtained by addition of K 3 Fc(CN )6 crystals here, rather than by illumination as in 
Fig. 3. The near identity ofthe two sets of spectra confirms the notion that illumination ofthe reaction 
center causes an oxidation of the primary electron donor P870. In obtaining the data for Fig. 4, the 
sample was exposed to a weak monochromatic measuring beam only, which should have little effect in 
causing bleaching. 

The strong exciton interaction among the pigment molecules in the reaction center is manifested in the 
CD spectrum, which displays two double bands, one with positive and negative components at 865 and 
810 nm band, respectively, and the other with positive and negative components at 795 nm and 748 nm, 
respectively [Fig. 4 (A), top]. Upon chemical oxidation of the P870 special pair (or excitation of the 
bacteriochlorophyll dimer into a higher singlet or triplet state), the positive and negative components at 
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Fig. 4. (A) The absorption spectra (bottom) and circular-dichroism spectra (top) of the reaction center from Rb. sphaeroides wiih 
P870 reduced (solid curve) or oxidized (dashed curve). (B) shows the corresponding difference CD spectrum (top) and the 
difference absorption spectrum (bottom). Figure source: Reed and Ke (1973) Spectrai properties of reaction center preparations 
from Rhodopseudomonas sphaeroides. J Biol Chem. 248: 3042. 
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865 and 810 nm, respectively, disappear [dashed-line spectrum in Fig. 4 (A), top and in Fig. 4 (B) top]. 
It has been suggested that these two components therefore represent the exciton transitions from the 
ground state of reduced P870, i.e., the special pair. Similarly, in the case of the Rp. viridis reaction 
center, oxidation ofP960 causes a disappearance of the bands at 960 and 850 nm (not shown). 

Shuvalov et treated the Rb. sphaeroides R-26 reaction center with NaBH^ in order to remove the 
monomeric BChl molecule Bg, and found an approximate 50% decrease in the CD bands at 800 and 810 
nm. They suggested that the remaining intensity of the latter two bands is attributable to an interaction of 
the monomeric BChl molecule B^ with a forbidden transition in the special pair P870 and that when 
present the monomeric BChl, Bb, interacts in a similar manner. The disappearance of the negative band 
at 8 1 1 nm and the increase in the remaining 7 97 -nm CD band indicates that oxidation of the special pair 
produces a large change in the interaction of the pigment molecules. 



I.C. Electron-paramagnetic-resonance (EPR) spectroscopy 

Electron-paramagnetic-resonance (EPR) spectroscopy detects unpaired electrons in a sample by the 
absorption of microwave energy when the sample is in a strong magnetic field. The physical basis of this 
technique is the effect of the applied magnetic field on the interaction between the magnetic moment of 
the electron and the magnetic component of the microwave field. Species that typically give an EPR 
signal are free radicals and species containing certain transition-metal ions. Commoner and coworkers*^ 
reported the first EPR signals to be detected in green-plant materials during the 1950s. EPR signals in 
photosynthetic bacteria were first detected in 1957 in Calvin’s laboratory'"^. 

The EPR absorption spectrum is characterized by the variation of the imaginary part of the magnetic 
susceptibility, with the applied magnetic field, which in turn gives information on concentration, 
the immediate environment ofthe unpaired-electron species as reflected by its g-value (g=hv//iBo, where 
P is the Bohr magneton and Bq the applied magentic field at resonance), the rate of any rapid dynamic 
processes, and the possible interaction of the unpaired electron spin with one or more nuclear spin as 
characterized by the hyperfine splitting (hfs) constant A. In practice, EPR spectra are usually displayed 
as the first derivative ofthe absorption spectrum, i.e., dx"ldH, where //represents the applied magnetic 
field. 

The photooxidized primary electron donor P870^ formed during primary charge separation in photosyn- 
thesis is a cation radical and as such shows a symmetrical Gaussian-shaped EPR signal whose presumed 
proton hyperfine structure is unresolvable under the conditions ofthe experiments. As seen in Pig. 5 (A), 
the EPR spectrum has a halfwidth of 9.6 G and a typical, free-radical g-value of 2.0026. Interestingly, a 
monomeric bacteriochlorophyll-a cation, i.e., BChl o' , in an organic solvent at room temperature shows 
a highly resolved EPR spectrum with the same g-value of 2.0026 but with an overall halfwidth of 13 G. 
The halfwidth ofthe P870'^ signal is thus narrower than that of BChl a" by a factor of V2 and this has led 
to some important conclusions on the structure ofP870, as will be explained below. Por now we list here 
several correlations between the EPR signal and the absorption-change signal of P870 that provide evi- 
dence that the EPR signal indeed originates from the primary electron donor of the bacterial reaction 
center: 

(1) The ratio ofthe number ofmolecules associated with absorbance change to the number of 
spins measured by EPR is unity; 

(2) The risetimes ofthe light-induced EPR signal and the optical absorbance-change signal 
(measured on a millisecond time scale) are the same when measured at low temperature [see 
Fig. 5 (B)l; 
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(3) The EPR signal can be reversibly produced photochemically at temperatures as low as 1.5 K, 
as can the optical signal; 

(4) The EPR signal and the 860-nm absorbance-change signal measured on the millisecond 
time scale show the same decay kinetics [see Pig. 5 (B)]; 

(5) The EPR signal and the 860-nm absorbance change have the same action spectrum; 

(6) Both the EPR signal and the 860-nm absorbance change can be produced by chemical 
oxidation; 

(7) The Rb. sphaeroides mutant (strain PM-8) lacking the reaction center cannot produce 
the 860-nm absorbance change nor the free -radical EPR signal^. 





Fig. 5. (A) EPR spectra (dx'VdHJ of BChP in vitro and of illuminated reaction centers of Rb. sphaeroides R-26 (P870*) measured 
at 77 K; (B) comparison of kinetics of light-induced absorbance change at 880 nm (top) and EPR change (Atdx’VdH)] (bottom), 
both measured at 80 K; the rise and fall of signal represent charge separation and recombination, respectively. Figure source: 
Feher (1992) Identification and characterization of the primary donor in bacterial photosynthesis: a chronological account of an 
EPR/ENDOR investigation (The Bruker Lecture). J Chem Soc Perkin Transactions 2: 1864, 1865. 
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The A//(BChl^)/A//(P870^) =V2 relationship between the monomeric cation BChl *^ and P870^ mentioned 
earlier was interpreted by Norris, Uphaus, Crespi and Katz^^ as evidence that the P870 primary donor is 
a BChl dimer and that in the oxidized P870'^ the single unpaired electron spends half its time on each half 
of the dimer. A simple explanation given by Fehei^'* for the narrowing of the halfwidth in the dimer is as 
follows. The halfwidth depends on the number, N, of interacting nuclei and the strength of their interac- 
tion (A). For equivalent nuclei the halfwidth will then be proportional to AVN, where the square root 
accounts for the random distribution of the orientation of the nuclear spins. In a dimer the shared electron 
interacts with twice the number of nuclei, hence N is doubled. On the other hand, interaction of the 
electron with each nucleus is halved in a dimer as the electron spends on average only half the time on 
each molecule. Thus the ratio of the monomer and dimer halfwidths becomes 



^^^monomer 



tVn, 



monomer monomer ' ^dimer ^^^dimer 






= A VN / '/.A 

'^monomer ’ * 'monomer ' '-^^monomer 



■V2N„ 



■ = V2« 1.414 



The ratio ofthe observed halfwidths is 13.0/9.6, or 1.35, which is only slightly less than that predicted by 
the model. The supposition that P870 is a dimer of BChl has been strengthened by another type of 
experiment that more clearly shows that the unpaired electron in P870'^ spends half its time on each half 
of the dimer. This was done by measuring the hyperfine interaction constants Aj of the paramagnetic 
species, using the technique of electron-nuclear double resonance (ENDOR). ENDOR spectra for mono- 
meric BChF invitro and P870^in Fig. 6 show that, as expected on the basis ofthe dimer model, the A-, - 
values in P870'^ are approximately half those ofthe monomeric BChl*. 




ENDOR frequency (MHz) 



Fig. 6. Comparison of the ENDOR spectra of BChl* in solution (A) and in chromatophores of Rb. sphaeroides R-26 (B). The 
hyperfine splitting (hfs) constant A in chromatophores are reduced by a factor of ~2 as expected from the dimer model, as 
described in the text. Figure source: Feher (1992) Identification and characterization ofthe primary donor in bacterial photosyn- 
thesis: a chronological account of an EPR/ENDOR investigation (The Bruker Lecture). J Chem Soc Perkin Trans 2: 1866. 
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II. Other Physical Properties - the Oxidation-Reduction Potentiai and the 
Differential Molar Extinction Coefficient 

The oxidation-reduction (redox) potential of P870 can be determined by first equilibrating the bacte- 
rial chromatophore or reaction-center complex with a series ofredox mediators, e.g., ferri- and ferrocya- 
nide, in order to convert an increasing fraction of P870 into the oxidized form and then measuring the 
loss in absorption in the major far-red absorption band. The course ofredox titration may also be moni- 
tored by measuring the EPR or CD signals, or light-induced changes in these signals. A redox titration of 
Rb. sphaeroides monitored by measuring light-induced absorbance changes yielded a midpoint potential 
(E^) of-i-450 mV [see Fig. 7], The fit to the Nernst equation* shows that the redox reaction undergoes a 
one-electron change. It was also found to be pH-independent. Fig. 7 also includes redox titrations of 
preparations from Chromatium, Rps. viridis and Chloroflexus aurantiacus, with corresponding £„,-val- 
ues of-H490, -1-500 and -1-360 mV, respectively. 



(A) 



Rb. sphaeroides 




Rp. viridis 





Chromatium 




Fig. 7. Redox-titration curves of the reaction centers in (A) Rb. sphaeroides, (B) Cf. aurantiacus, (C) Rp. viridis and (D) Chromatium. 
See text for other details. Figure sources: (A) Dutton and Jackson (1972) Thermodynamic and kinetic characterization of electron- 
transfer components in situ in Rhodopseudomonas spheroides and Rhodospiriilum rubrum. Eur J Biochem. 39; 500; (B) Bruce. 
Fuller and Blankenship (1982) Primary photochemistry in the facultatively aerobic green photosynthetic bacterium Chloroflexus 
aurantiacus. Proc Nat Acad, USA. 79:6533; (C) Prince, Leigh and Dutton (1976) Thermodynamic properties of the reaction center 
of Rhodopseudomonas viridis. Biochim Biophys Acta. 440: 625; (D) Cusanovich, Bartsch and Kamen (1968) Light-induced elec- 
tron transport in Chromatium. II. Light-induced absorbance changes in Chromatium chromatophores. Biochim Biophys Acta 1 53; 
408. 



£=£®+(RT/nc^ln{IOx|/[Red]}=£®+(59.2/n)log|o{[Ox]/[Red]}, where n is the number of electron change and it determines 
the slope of the plot. 
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The differential molar extinction coefficient of P870 was determined by Parson and Clayton’® utiliz- 
ing the efficient coupling between oxidized P870*' and (exogenous) mammalian cytochrome c. And 
since it is known that the re -reduction of photooxidized P870^ and the oxidation of cytochrome c are 
both one-electron changes and since the molar extinction coefficient of cytochrome c is precisely known, 
it is possible to obtain the molar extinction coefficient of P870 by measuring the amplitudes of simulta- 
neous, light-induced absorbance changes due to P870^ re-reduction and cytochrome c oxidation, as 
shown in Fig. 8. A 5 time interval is shown for both absorbance-change traces. Both the re-reduction 
of P870'and the oxidation of cytochrome c have the same ty, of ~2 ms. The AA scales are also shown for 
both changes. The ratio of the amplitude of absorbance change due to P870^ re -reduction to that of 
cytochrome c oxidation was found to be 5.77. Taking the molar differential extinction coefficient of 
cytochrome c to be 20.4 mM'’-cm the differential molar extinction coefficient for P870 was calculated 
to be 118 (±4) mM"'-cm''. In this author’s laboratory, a previous investigation on the stoichiometry 
between the photooxidized P870 and mammalian cytochrome c (see Chapter 10 for details) yielded a 
virtually identical ratio of 5.8 for the absorbance changes. In our experiment, the reaction-center par- 
ticles were obtained from Rb. sphaeroides by Triton fractionation and the re-reduction of P870^ and 
oxidation of cytochrome c occurred in a much shorter time of ~20 ps. 




5 ms 



5 ms 



Fig. 8. Absorption changes during photooxidation and dark re-reduction of the primary electron donor P (A) and oxidation of 
cytochrome c (B) following a brief, intense flash. Figure source: Parson and Clayton (Straley, Parson, Mauzerall and Clayton) 
(1 973) Pigment content and molar extinction coefficients of photochemical reaction centers from Rhodopseudomonas sphaeroides. 
Biochim Biophys Acta. 305: 606. 



III. Bacteriochlorophyll Epimer being a Constituent of the Primary Electron Donor of 
Heliobacteria 

In purple bacteria, the constituent bacteriochlorophyll of the primary donor is the same as the principal 
bacteriochlorophyll pigment, namely, BChl a. The same is true for the green bacteria and also for photo- 
system II of green plants. However, as discussed later in Chapter 28, the primary donor of photosystem 
I(PSI), P700, is now known to consist of a 13^ epimer of Chi a, designated as Chi o' ]. Since the reaction 
centers of PS I and heliobacteria are both of the FeS-type [refer to Chapter 1], it is reasonable to antici- 
pate that the primary electron donor of heliobacteria might also be an epimer. 
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The principal bacteriochlorophyll pigment of heliobacteria, BChl g, has the same chromophore as 
BChl b and both pigments contain the unusual ethylidene group on ring II. BChl g differs however from 
BChl b in having a vinyl rather an acetyl group at C3, and farnesol instead ofphytol as the esterifying 
alcohol. The structure of BChl g is shown in Fig. 9; the corresponding Chi a and its epimer Chi a' are also 
shown in the same figure as a reference for comparison. In an investigation of heliobacteria, Kobayashi, 
van de Meent, Erkelens, Amesz, Ikegami and Watanabe’^ subjected cells, membranes and reaction- 
center complexes of heliobacteria. Heliobacillus (Hb.) mobilis and Heliobacterium (H.) chlorum to vari- 
ous extraction procedures and to HPLC and found the 13^ epimer of BChl g, BChl (refer to Fig. 9). 
The molar ratio of BChl g/BChlg" in cells, membranes and reaction-centers of both species was ~18. 
Combining this molar ratio with that of BChl g to the primary electron donor, P798, namely, 35-40, a 
molar ratio of 2 for BChl g'/P798 was obtained, making it most likely that P798 is a dimer of BChl g'. 
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Fig. 9. Structure of bacteriochlorophyll g and its 13^ epimer, BChl g’. compared with that of Chi a and Chi a'. 
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The primary photochemical charge-separation process, i.e., P870+A -> P870*+A" in purple photosyn- 
thetic bacteria requiresthat there is a reaction partner to accept the electron released by the primary 
donor. Again, using D-[P-A] to represent the core composition of the bacterial reaction center, we can 
write the following sequence of events: 

D-[P-A] + hv^ D-[P*’A] -> D-[?*-A-]^ D^[P-A-] 

The nature of the electron acceptor is the main topic of this chapter. As seen in Fig. 1, the reducing side 
of the reaction center actually has a series of acceptors, with the time that the electron released by P870 
resides on the first acceptor being extremely short, before the electron is transferred to the following 
acceptor(s). The first acceptor is now considered to be bacteriopheophytin (B4>) and possibly may also 
involve the monomeric BChle between P870 and Bd). In the initial studies, when the time resolution of 
the instrumentation was rather limited, the earlier and more rapid events simply escaped detection. Only 
an acceptor that has a sufficiently long lifetime, for example more than a few microseconds, was detect- 
able, as is the case for quinone. Thus, quinone came to be recognized as the firsf “stable” electron 
acceptor, and therefore much information on the quinone acceptor had been accumulated before any 
earlier acceptor was detected. For this reason, quinone is chosen to be discussed first. 

For some time, quinone was regarded as the “primary” electron acceptor. But after the finding of an 
even earlier acceptor, the designation “primary,” which, strictly speaking, means the first in time or 
order, is no longer strictly valid. At present, it is a widely accepted practice to call the quinone acceptor 
the “stable primary electron acceptor,” retaining its original symbol “A,” and the earlier acceptor the 
“transient intermediate electron acceptor,” giving it the symbol “I.” So the more complete reaction- 
center core should be written as D-[PT-A]. If time resolution is limited and the earlier transient events 
escape detection, the reaction-center core may still be written as D-[P-A], where the stable primary 
electron acceptor may be looked upon as the virtual reaction partner for the primary donor. 
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Fig. 1. Schematic representation of the electron transfers leading to reduction of the first "stable” electron acceptor, Qa. and its 
subsequent re-oxidation. All symbols for components in their initial states are shown in black, the empty symbols refer to the 
changed redox state (either reduction or oxidation). The two shaded states are not detected under limited time resolution. 



I. Early Spectroscopic Studies of the “Stable” Primary Electron Acceptor 

Bacterial reaction centers contain two quinone molecules (see Fig. 1), designated as Qa and Qb, the 
latter acting as an acceptor of electrons from Qa- In Rb. sphaeroides, both Qa and Qb are ubiquinone 
molecules but, in Rp. viridis or Chromatium, Qa is amenaquinone molecule and Qb is a ubiquinone. In 
Chloroflexus aurantiacus, both Qa and Qg are menaquinones. The identity of Qa and Qb in several 
bacteria is given in Table 1. Structures of a quinone molecule in different redox states and in different 
states of protonation are illustrated in Fig. 2. Quinone reduction proceeds in two one-electron steps, the 
first producing the semiquinone and the second the fully reduced hydroquinone, or quinol. The product 
formed in each reduction step may or may not pick up a proton, depending on the hydrogen-ion concen- 
tration in the medium and the accessibility of the reduced quinone in the reaction center and its lifetime, 
i.e., on kinetics. Also note that under physiological conditions Qa in photosynthetic bacteria is reduced 
only to the semiquinone stage before it surrenders its extra electron to Qb, while Qb can be fully reduced 
to the quinol form. Later we will return to consider the different chemical behaviors ofthe two quinones 
and their significance in the photosynthetic electron transport. 



Table 1. Kinds of quinones in several photosynthetic bacteria 



Soecies 


Qa 


Qb 


Rb. sphaeroides 


ubiquinone 


ubiquinone 


Chromatium 
Rp. viridis 


menaquinone 


ubiquinone 


Cf. aurantiacus 


menaquinone 


menaquinone 




Ubiquinone-10 Menaquinone-7 
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Fig. 2. Major pathways of quinone reduction and protonation illustrated with ubiquinone-1 0. Note that the protonated quinone 
[QH*] and the doubly protonated semiquinone [QH 2 *] are unlikely to be formed under physiological conditions and are therefore 
not represented. Figure source: Clayton (1980) Photosynthesis. Physical Mechanisms and Chemical Patterns, p 17. Cambridge 
University Press. 

Between late 1960s and early 1970s, interest in the the identity of the primary electron acceptor in 
photosynthetic bacteria was centered mainly on two electron carriers, namely ubiquinone and the non- 
heme iron. Obviously, examination of this problem by either optical or EPR spectroscopy seemed ap- 
propriate. The optical spectral evidence for ubiquinone being the earliest acceptor was first reported by 
Clayton and Straley', Slooten^, Vermeglio^, Wraight"* and later by others. For this purpose, light-induced 
absorbance changes were examined with reaction centers ofthe carotenoidless mutant of Rb. sphaeroides 
in the presence of a suitable electron-donating system, for instance, externally added reduced cyto- 
chrome, or phenazine methosulfate (PMS) as mediator in the presence of excess ascorbate. These elec- 
tron donors are strong enough to chemically reduce the photooxidized donor but not the acceptor. The 
rationale for using a sample of this kinid is for the electron donor to rapidly reduce the photooxidized 
P870^ as soon as it is formed, thus suppressing its as yet undocumented spectral changes and allowing 
only the absorbance change attributable to the photochemical reduction of the acceptor alone {e~ + 

A->A') to be observed. We may summarize this reaction as follows: 

Asc 

D-[P A] + hv^ D [P^ A-] ^ D^ [P A-] -> D [P A-] 

where D represents the exogenous secondary electron donor. In the presence of excess ascorbate, D'^ is 
restored to D, the net spectrum change due to [P-A— >P-A"], i.e., [A-^A“], is obtained, as shown in Fig. 3. 
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Wavelength 

Fig. 3. Absorbance change due to quinone reduction in a reaction-center complex isolated from the carotenoidless mutant of Rb. 
sphaeroides. The sample contained reduced cytochrome and excess ascorbate as the secondary electron-donor system so that 
photooxidized P’ does not accumulate. The presence of excess ascorbate kept the oxidized cytochrome reduced, the net quinone 
reduction spectrum was obtained. Figure source: Clayton (1980) Photosynthesis: Physical Mechanisms and Chemical Patterns, 
p 95. Cambridge University Press. 

The negative band at 275 nm and the positive bands in the 320-450 nm region of the difference 
spectrum reflect reduction of ubiquinone. In addition, the difference spectrum also consists of several 
band shifts: the red shift of the absorption bands of BO at 535 and 760 nm, and small blue shift of the 
800- and 865-nm bands ofP870. These band shifts are attributed to the influence of local electric fields 
produced by photochemical charge separation. They are ascribed neither to ubiquinone reduction itself 
nor to redox changes of the pigment molecules. Note that the ordinate is expressed in differential molar 
extinction coefficient, Ae, in mM '-cm"', as it is readily obtainable since P870 and Qa are present in 
equimolar quantities. 

Ifthe stable primary electron acceptor ubiquinone were simply reduced to the anionic ubisemiquinone, 
one would expect to see a narrow and symmetrical EPR signal near g=2.00 for the anion radical. Instead, 
the EPR spectrum initially reported for bacterial reaction centers in which acceptor ubiquinone is ex- 
pected to be reduced in the light showed a dramatically different shape. Besides a sharp symmetrical 
signal at g=2.0046 characteristic of the photoreduced Q, there was a broad EPR signal with a major line 
near g=1.8 but only at cryogenic temperatures, as shown in Pig. 4 (A). In the meantime, other reports 
showed that bacterial reaction centers free of iron in which the ubiquinone is reduced exhibited the 
expected narrow EPR signal with a near-Gaussian shape, a g-value of 2.0050 and a peak-to-peak width 
of7.0±0.3 G, as shown in Pig. 4 (B). The latter characteristics are identical to those of the EPR spectrum 
of a ubiquinone radical in solution obtained either by ultraviolet irradiation or by borohydride reduction. 

The possible existence of a broad EPR signal had previously been proposed by Bolton, Clayton and 
Reed^ to account for their earlier failure to observe an EPR signal for the reduced quinone radical in the 
g=2.0 region at ambient temperature. The authors suggested that either the primary acceptor is a transi- 
tion metal ion such as iron, with a broad and effectively undetectable EPR signal, or that the reduced 
quinone radical rapidly transfers its electron to such a transition metal and thus evades detection. How- 
ever, the results shown in Pig. 4 suggest that ubiquinone is more likely the “primary” acceptor, as con- 
firmed by the presence in iron-free preparations of the usual anion radical EPR signal expected of 
ubiquinone. Observation ofthe broad g=1.84 signal only in preparations containing iron led to the con- 
cept of an iron-quinone complex with the electron spending most of its time on the quinone radical. The 
large width ofthe broad EPR signal was attributed to a magnetic interaction ofthe unpaired electron on 
quinone with the iron. 
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Magnetic field, kG 



(A) Rb. sphaeroides RC 
V = 8.85 GHz 
T = 2.1 K 



(B) Rb. sphaeroides RC 
(Fe-free) 

T = 2.1 K 



Fig. 4. EPR spectra of the acceptor species in reaction centers (top) and in the LM-complex from Rb. sphaeroides R-26 free of iron 
(bottom). The samples were reduced with dithionite. The presence of Fe^* causes a large shift and broadening of the EPR 
spectrum of the acceptor species. Figure source: Okamura, Feher and Nelson (1982) Reaction centers. In: Govindjee (ed) 
Photosynthesis, Vol 1 , Energy Conversion by Plants and Bacteria, p 221 . Acad Press. 

This concept was consistent with the results of other investigations. First, reaction-center preparations 
free of iron or in which iron is replaced by another metal ion such as manganese, remain photochemi- 
cally active; in other words, the presence of iron for electron transfer is not obligatory. Second, examina- 
tion of ^’Fe-enriched reaction-center preparations by Mdssbauer spectroscopy showed that the iron re- 
mains in the high-spin state irrespective of whether ubiquinone is oxidized or reduced. On the other 
hand, ifubiquinone is removed, the reaction center loses its photochemical activity but when the ubiquinone 
is restored, the original level of photochemical activity is also restored. 



II. Functional Role of Ubiquinone and Iron in Photosynthetic Bacteria 

The availability of a photochemically active bacterial reaction-center complex has proved to be ex- 
tremely useful for extraction and reconstitution experiments, the results of which can provide more 
conclusive evidence as to the identity of the stable primary electron acceptor in Rb. sphaeroides. 

In early work, it was found that pure hydrocarbon solvents can extract only the secondary quinone 
{i.e., Qb), but Cogdell, Brune and Clayton^ found that iso-octane containing 0. 1-0.3% methanol can 
remove both quinones, and Qb. They further showed that, as previously noted, extraction of the 
primary ubiquinone (Q^) abolishes photochemical activity but re-addition of ubiquinone restores it. 
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In the following we describe a quantitative and systematic investigation by Okamura, Isaacson and 
Feher’ on the effect of extraction of ubiquinone from the Rb. sphaeroides reaction-center preparation 
and subsequent reconstitution of the quinone-depleted reaction centers. To avoid possible protein dena- 
turation during extraction by organic solvents, these workers developed an extraction method utilizing a 
combination of high concentrations of the detergent iauryl-dimethylamine oxide (LDAO) plus o- 
phenanthroline (OP) as a nondestructive extractant for ubiquinone. By varying the amounts of LDAO 
and OP, different amounts ofUQ could be removed without affecting the iron content (~1 Fe/RC). The 
results of extraction and reconstitution are shown in Fig. 5. 
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Fig. 5. Relationship between photochemical activity (measured by AA due to P870 photooxidation and by production of EPR 
signal at g=2.0026) and the number of ubiquinone molecules per reaction center in Rb. sphaeroides R-26. See text for other 
details. Figure modified from Okamura, Isaacson and Feher (1975) Primary acceptor in bacterial photosynthesis: Obligatory role 
of ubiquinone in photoactive reaction centers of Rhodopseudomonas sphaeroides. Proc Nat Acad Sci, USA 72: 3494. 



The photochemical activity of the unextracted, extracted and reconstituted samples were monitored 
by measuring the amplitudes of the light-induced absorbance changes at 890-nm and the EPR signals at 
g=2.0026 (for P 8 70^ formation) and g=1.84 (for UQ'-Fe^"^ formation), all measured at cryogenic tem- 
peratures. The Rb. sphaeroides reaction-center preparation initially contained two ubiquinone molecules 
per reaction center (2UQ/RC). By varying the concentrations of reaction-center protein, LDAO and OP, 
and by controlling the incubation period, different amounts of ubiquinone could be removed. As seen in 
Fig. 5 (left), the removal of the first ubiquinone molecule had no effect on the photochemical activity. 
The photochemical activity begins to decrease only as the second ubiquinone molecule is being ex- 
tracted and was completely lost only when all of the second ubiquinone molecule had been removed. 
The experimental data points in Fig. 5 agree very well with the dashed line representing the expected 
light-induced changes if lUQ/RC is required for photochemical activity. 

As shown in Fig. 5 (B), re-addition of ubiquinone to the ubiquinone-depleted reaction centers restored 
the photochemical activity and full activity was restored only when at least one ubiquinone per reaction 
center was reached. The reincorporation of the second ubiquinone had no additional effect. Again, the 
dashed line represents the expected signal changes if lUQ/RC is required for full activity. 
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These results clearly indicate that out of the two ubiquinones present in the reaction center, one is 
loosely bound (corresponding to Qb in Fig. 1) and rather easily removed, and the second one is more 
tightly bound (corresponding to Qa in Fig. 1) and requires more severe extraction conditions for its 
removal. The loss ofphotochemical activity is directly related to the loss of the tightly bound ubiquinone 
Qa. It has been suggested that the loosely bound Qb serves as a secondary electron acceptor, after Qa. 

Photochemical activity in the ubiquinone-depleted reaction centers may also be restored by readdition 
of other types of quinones. Reaction centers reconstituted with quinones other than ubiquinone have a 
different recombination times between P870' and Q” in the dark, and also a different spectral widths for 
the broad EPR signal. Such differences are reasonable, as these parameters are expected to be sensitive 
to the nature of the acceptor quinone molecule. 

The functional role of iron as a component of the electron-acceptor complex may also be explored by 
extraction, reconstitution and exchange with other metals. The iron present in the reaction-center com- 
plex may be extracted by treating with detergent or with a chaotropic agent such as LiSCN plus o- 
phenanthroline. The latter treatment removes the H-subunit protein exposing the iron, of which 80-90% 
is extracted by being complexed by o-phenanthroline. Extraction of iron appears to have no effect on the 
light-induced absorption change due to quinone, nor does it cause protein denaturation. However, after 
iron removal the light-inducedg=l .82 EPR signal of the quinone anion radical interacting with iron is 
greatly diminished. Instead there is a narrow g=2.0037 signal, which represents the sum of P* and UQ‘ , 
plus at low temperature a new signal under light attributed to the triplet state of the special-pair primary 
donor. 

If the iron-depleted reaction center complex is incubated in a Fe(NH 4 ) 2 (S 04)2 solution to completely 
reconstitute its original iron content, the g=l .82 EPR signal is restored. Similar extraction and reconsti- 
tution can be used to, in effect, exchange iron with other metals such as Co^\ Cu^^ orZn^^by 

incubating the Fe-extracted samples in solutions containing these ions. When the paramagnetic ions, 
Co^\ Ni^^ or Cu^\ were incorporated in place ofFe^^, broad light-induced EPR signals appeared, 
reflecting magnetic interaction, but the line shapes are different from that observed with Fe^'^. Reaction 
centers incorporated with Zn^'* produced only the narrow EPR signal, as would be expected for a dia- 
magnetic ion. However, no triplet signal appears under illumination when any one of these metal ions is 
incorporated. 

Removal of iron decreases the electron-transfer rate from Qa‘” to Qb by a factor of 2-3 while reconsti- 
tution with Fe^^, or any other metal ion investigated, restores the transfer rate. The effect of iron removal 
is apparently related to electrostatics rather than to the details of the electronic structure of the metal 
ions. Unlike Qa in a native reaction center, Qa in Ee-depleted reaction centers can become a two-electron 
acceptor, indicating that Qa’^ is accessible to solvent protons when iron is absent. Even though these 
results indicate that iron does not play an obligatory role in electron transferfrom Qa’’’ to Qb, some other 
possible functional or even structural role of iron in photosynthetic organisms may yet be uncovered. 



III. The Oxidation-Reduction Potentiai of the Stabie Primary Eiectron Acceptor 

The oxidation-reduction potential ofthe stable primary electron acceptor, i.e., of the Qa/Qa"~ couple, 
was determined both indirectly by measuring absorbance changes of P870, the virtual reaction partner of 
Qa, and directly by measuring the broad g=1.82 EPR signal ofthe Qa' ‘Fe^* complex, in a reaction- 
center preparation poised at various potentials in the dark. 

A so-called “open” reaction center [P-Q] requires the primary electron donor to be in the reduced state 
and the primary electron acceptor in the oxidized state. In other words, if the primary donor is already 
oxidized to P* or the primary acceptor already reduced beforehand, the reaction center can not be photo- 
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chemically active, and the reaction center, or “trap,” is said to be “closed.” Therefore the extent of 
photochemical activity depends on the fraction ofthe donor initially present in the reduced state or ofthe 
acceptor initially present in the oxidized state. The extent of photochemical charge separation can thus 
be used indirectly for a redox titration of either P or Q. Fig. 6 (A) shows an indirect redox titration of 
by measuring absorbance changes (AA [605-540 nm]) representative ofthe extent ofP870 photooxida- 
tion in Rb. sphaeroides chromatophores poised at various redox potentials at pH 11. The titration is 
completely reversible, the solid dots and open circles representing reductive and oxidative titrations, 
respectively. The data points fall on a theoretical Nernst curve (refer to footnote on p. 96) with n=l, 
indicating a one-electron reaction, and a midpoint potential of- -180 mV at pH 11. 




Fig. 6. (A) Redox titration of the primary electron acceptor in Rb. sphaeroides chromatophores at pH 11. The amplitude of 
absorption changes induced by short flashes is plotted as a function of the redox potential; solid dots and empty circles represent 
reductive and oxidative titrations, respectively. The solid line is the theoretical Nernst curve. (B) Equilibrium midpoint potentials of 
the primary acceptor as determined in (A) plotted as a function of pH. Figure source: Prince and Dutton (1978) Protonation and the 
reducing potential ofthe primary electron acceptor. In: RK Clayton and WR Sistrom (eds) The Photosynthetic Bacteria, p 443, 
444. Plenum. 

Midpoint potentials obtained over a wide pH range are plotted as a function of pH in Fig. 6 (B). In the 
physiological pH range, the midpoint potential varies with pH by -60 mV/pH unit, indicating that the 
reduction ofQ^ involves both an electron and a proton, i.e., Qa + e' + H'^ -» QaH. At pH above -9.6, 
however, the midpoint potential becomes essentially independent of pH, indicating that at equilibrium 
the reduction involves only an electron, i.e., Qa + e~ -> Q\'~. 

The pH at which the line with a -60 mV/pH slope intersects that with 0 mV/pH slope represents the pK 
value of reduced Qa, which, as noted, is -9.6. A similar midpoint potential-pH dependence has been 
reported for Chromatium vinosum, Rs. rubrum and Rp. viridis, with pK^ values of 8.0, 8.8 and 7.8 re- 
spectively. Interestingly, the equilibrium midpoint potentials for the chromatophores of these four dif- 
ferent photosynthetic bacteria estimated from the point of intersection ofthe lines of 60 and 0 mV/pH 
slopes are rather similar, lying within a narrow 50 mV range centered at -175 mV. 

Although the pH-dependence ofthe measured midpoint potential ofRb. sphaeroides chromatophores 
indicates involvement of protons during the chemical reduction of Qa, the electron resides on Qa for 
only - 10^5 under physiological conditions and therefore there may not be sufficient time for reduced 
Qa~ to accept a proton. Thus the true “operating” potential is probably that for the Qa/Qa' couple 
measured at a pH far above its pK value, rather than at physiological pH. 






Chapters The Stable Primary Electron Acceptor (Qa) of Photosynthetic Bacteria 109 



The second method for determining the midpoint potential of Qa is the direct redox titration ofQ^ by 
monitoring the g=l .82 EPR spectra, as reported by Dutton, Leigh and Wraight^ and shown in 

Fig. 7 (A). With potential decreasing from 7 to -150 mV, the amplitude of the g=1.82 EPR signal in- 
creases. The titration curve obtained by plotting the EPR-signal amplitude V5. the redox potential is 
shown in Fig. 7 (B), with the midpoint potential estimated to be -50 mV. The data points also fall on a 
theoretical Nernst curve with n=l. It is worth noting that the redox potential for the reaction-center 
preparation, unlike that for the chromatophores mentioned above, is much more positive and pH-inde- 
pendent. This suggests that solvent protons have no access to Qa"" even on a time scale involved in an 
equilibrium titration. The reason for this anomaly is not yet understood. 



(A) 




Fig. 7. Redox titration of the primary acceptor Qa in the reaction-center complex of Rb. sphaeroides monitored by the amplitude of 
the 9=1.8 EPR signal at 10 K vs. the redox potential. Figure source: Dutton, Leigh and Wraight (1973) Direct measurement of the 
midpoint potential of the primary electron acceptor in Rhodopseudomonas sphaeroides in situ and in the isolated state: some 
relationships with pH and o-phenanthroline. FEBS Lett 36; 171. 

Finally we discuss one particular circumstance regarding the Qa molecule. As shown in Fig. 1, the 
electron released by P870 during photooxidation resides on the intermediary acceptor BO first, from 
which it is transferred to Qa in -200 ps. The electron ouQa is then transferred to the secondary ubiquinone 
Qb in -200 ps. The consequences of this electron transfer and the accompanying proton transfer to Qa‘ 
will be discussed in the next chapter. One remaining question is the fate of Qa"" when electron transfer to 
Qb is blocked. Such a circumstance can occur when either the inhibitor o-phenanthroline is present, the 
temperature is lowered, the secondary acceptor Qb is removed by extraction, or iron is removed. Under 
all these circumstances, the reduced Qa’" recombines with P870', i.e., [P870^-Qa*"] — > [P870-Qa] (in 
-100 mi at room temperature). The recombination time decreases as the temperature is lowered, remain- 
ing constant at -20 ms at all temperatures below 200 K, suggesting recombination is occurring by elec- 
tron tunneling^. 
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X-ray crystallographic analysis shows that reaction centers oiRp. viridis wARb. sphaeroides contain 
each two quinone molecules, designated as Qa and Qg. The latter, Qq, is a secondary quinone electron 
acceptor, in the sense that it receives electrons from the “stable” primary quinone electron acceptor Q^. 
It is also known that in native chromatophores there is a pool of quinone molecules, which are in redox 
equilibrium with Qg. The structure and reactions in the 7?^. reaction center is illustrated in 

Fig. 1. 




Fig. 1. Schematic representation of the arrangement of various cofactors in the bacterial photosynthetic reaction center where Qa 
and Qb are represented by hexagons. A change In redox state of the cofactors is represented by a change of the solid symbols 
into empty ones or vice versa. A quinone pool is provided to the reaction center as shown in the rightmost frame. 
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As mentioned in Chapter 5, in native reaction centers is reduced only to the semiquinone form 
while Qb can undergo two successive one-electron reduction steps to form the quinol (after protonation). 
In this chapter we discuss the electron-transfer reactions between and Qb, exchange between reduced 
Qb and the quinone pool, and protonation coupled to electron transfer. 

I. Structure of the Binding Domain and Functionai Properties of and 

We first examine briefly the binding domains of the primary (Q^y) and secondary (Qb) quinone- 
acceptor molecules in the bacterial reaction centers, and see how one can rationalize their functional 
relationship. In Rp. viridis, the two quinones are different, being menaquinone-7 and Qg ubiquinone- 
10. In this case, electron transfer from to Qg could be accounted for by the difference in redox 
potential of the two types of quinones. In Rb. sphaeroides, however, bothQ^ and Qb are ubiquinone- 10 
and the condition for an exothermic electron transfer from Q^ to Qg might be satisfied if the environ- 
ments of the two quinone molecules were sufficiently different. Such differences in local structural 
features might also account for differences in other properties of the two quinone molecules. 

Crystallographic analysis has revealed the identity of the amino acids in the binding domains of the 
two quinones. A simple reaction-center diagram of Rb. sphaeroides is shown in Fig. 2 (A) while the 
amino-acid domains surrounding Q^ and Qg near the cytoplasmic side are shown in greater detail in 
Figs. 2 (B) and (C), respectively. Q^ interacts with nine amino-acid residues in the ^ and ^helices and 
the interhelical ^ loop of the M-subunit (As before, helices and amino acids belonging to the L-subunit 
are single-underlined, while those belonging to the M-subunit are double-underlined; see Chapter 2). Qg 
also interacts with nine amino-acid residues but in the D and E helices and the ^ loop of the L-subunit. 
Amino acids drawn in heavy solid lines are located above and those drawn in dashed lines are below the 
quinone-ring plane. The binding domains are viewed along the membrane plane and at a right angle to a 
line drawn from Q^ to Qg. The cytoplasmic surface is along the lower edge of the figure. 




Fig. 2. (A) Simple schematic representation of the reaction center. (B) and (C) show the detailed amino-acid residues and their 
positions relative to the ubiquinones, and Qg, in the reaction center of Rb. sphaeroides.. Figures (B) and (C) adapted from 
Shinkarev and Wraight (1992) Electron and proton transfer in the acceptor quinone complex of reaction centers of phototrophic 
bacteria. In: J Deisenhofer and JR Norris (eds) The Photosynthetic Reaction Center, Vol I, pp 198 and 200. Acad Press. 
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In Rb. sphaeraides, one carbonyl oxygen atom of is 1.55 A from the peptide nitrogen of Ala-260 
and the other 1.78 A from the side-chain oxygen of Thr-222, each carbonyl probably forming hydrogen 
bond with the respective residues [see Fig. 2 (B)]. \nRp. viridis. Ala-258 and His-271 appear to interact 
in a similar way with Qa, which is a menaquinone molecule rather than a ubiquinone, as it is in Rb. 
sphaeroides. In the Qa domain of Rb. sphaewides, the polar His-219 is too distant to form a hydrogen 
bond with Qa- The QA-domain is in fact predominantly non-polar. Other aromatic amino-acid residues 
near Qa include non-polar Phe-251 , Trp-252, Phe-258 and Trp-268 . 

One carbonyl oxygen atom ofQu is hydrogen-bonded to the imidazole ring of His-190 and the other 
to the hydroxyl group of Ser-223 [see Fig. 2 (C), where these two hydrogen bonds are represented by thin 
dotted lines]. Similar hydrogen bonds have also been identified for the carbonyl oxygens in Rp. 
viridis. Unlike the QA-domain, the Qii-domain contains several ionizable amino acids, namely, Glu-212 , 
Asp-213 , Asp-210 , Arg-217 , and Glu-173, as well as five residues ligated to the iron atom, all located 
within 10 A of the quinone ring. 

Thus, in Rb. sphaeroides, the difference in redox properties of the two ubiquinone molecules is most 
likely attributable to their chemically different domains. The Qa-domain is more polar than Qa> due to 
the presence of ionizable amino acids and water molecules. Consequently, these polar residues could 
conceivably lower the energy of Qq' through electrostatic interactions. Furthermore, the iron ion is 
known to be closer to Qb by ~2 A and the positive charge on would also lower the energy of Qb” 
relative to Qa‘ . While the iron atom in Rp. viridis is nearly equidistant from both Qa and Qb, the driving 
force for electron transfer in Rp. viridis would then presumably arise from the inherent redox -potential 
difference between the two chemically different quinones (ubiquinone and menaquinone). Note also that 
two histidines, His-219 and His-190 . are located between Qa andQa (see Fig. 2), a circumstance that has 
led to the suggestion that the bridge complex [QA~ His-219 Fe His-190 - QRl might play a role in accele- 
rating electron transfer from Qa'" to Qb (see Chapter 5, Section IF). 

II. Evidence for a Secondary Quinone Electron Acceptor 

Before the chemical identity of the secondary electron acceptor and the reaction mechanism involved 
were known. Parson^ obtained some useful information indirectly from spectro-kinetic studies using a 
double-flash arrangement. Parson used a pair of laser flashes spaced a few microseconds apart to excite 
the chromatophores of Chromatium vinosum and found that while the first flash elicited photooxidation 
of P870, the second flash did not cause another photooxidation even though the photooxidized P870* has 
been re -reduced by the endogenous, c-type cytochrome within 1-2 fjs and presumably ready to undergo 
another photooxidation, provided there had been electron transfer from Qa' to Qb, i.e., 

Cyt'lP QA-QB] + CyF^F QA Qb] Cyt^P-QA-Qs'l 

Instead, the second excitation flash produced a markedly greater fluorescence intensity, indicating that 
photochemistry was blocked by the primary electron acceptor still being in the reduced state. Parson 
reasoned that the primary electron acceptor can apparently handle only one electron at a time and that a 
time of only a few microseconds between the two flashes was not sufficiently long for Qa'” to transfer its 
electron to Qb and thus be restored as a reaction partner for P870. If this were the case, then increasing 
the time interval between the flashes would allow the second flash to effect another photooxidation. 
When the time interval between the flashes was lengthened in steps to 1 ms, full photochemical activity 
was achieved by the second flash, the halftime for recovery being -60 /zr. This halftime would then 
represent the time for electron transfer from the reduced primary quinone QA'”to the secondary quinone 
Qb. The double-flash technique thus served as an extremely powerful tool for examining the kinetics and 
mechanism of an electron-transfer reaction such as this one. 
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Subsequently Halsey and Parson^ pursued this issue further by removing ubiquinone from Chromatium 
chromatophores and examining the consequences. The authors found that while the extracted chromato- 
phores were photochemically active on the first flash, they lost the ability entirely to perform photo- 
chemistry on the second flash, even when delayed by several seconds after the first. Reconstitution ofthe 
extracted chromatophores with the lipid extracts restored the photochemical activity. Taking these re- 
sults together with the chemical identity ofthe extracts allowed these workers to conclude that ubiquinone 
serves as the secondary electron acceptor, Qq, in such photosynthetic bacteria as Chromatium and Rb. 
sphaeroides. 

III. Electron Transfer between the Two Quinones - Binary Oscillations 

In practice, it is possible to selectively remove the Q3, or both Qr and Q/^ from the reaction center, 
which usually contains a total of 5-10 quinone molecules. Thus, by selective extraction it is possible to 
obtain reaction centers or chromatophores containing only and Q3 Q/^, or no quinones at all. By 
examining one or another such sample, it is possible to gain some insight into how electrons are trans- 
ferred among the quinone molecules. 

III. A. Binary Oscillation monitored by Light-Induced Absorbance Changes 

In 1977, Vermeglio^ and Wraight"* independently examined the formation of semiquinone with each 
flash in a train of widely spaced flashes by monitoring the absorbance changes at 450 nm or 280 nm (see 
Fig. 3 in Chapter 5). These results are summarized schematically in Fig. 3, showing, in the format of 
Clayton^, by incorporating all the observed absorbance-change patterns. Similar quinone behavior oc- 
curring in green-plant photosystem II is presented in Chapter 16. 

With the only quinone present, a simple pattern of absorbance changes at 450 nm is seen in a 
series of flashes [Fig. 3 (A)]. After each flash, the photooxidized P870* is presumably re -reduced by a 
cytochrome molecule and the absorbance decays to its original level as the reduced delivers its 
electron to an exogenous acceptor present in the medium. The reaction center is then again ready to 
undergo another charge separation with the next flash, whereupon the cycle is repeated. 

If the reaction center contains both and Qg but no quinone pool, the absorbance-change pattern 
appears as shown in Fig. 3 (B). The first flash forms P870' and ", after which P870^ is restored to 
P870 by the cytochrome molecule and Q^' transfers its electron toQp forming Qg'', which is relatively 
stable, and the absorbance increase shows no decay. After the second flash, the reduced Qc transfers its 
electron to Qg"' resulting in the formation of and the rapid loss of the absorbance increase. Mean- 
while Qb^~ becomes QbH 2 by picking up two protons. The first two flashes thus produced a binary 
oscillation in the pattern of absorbance changes accompanying the electron transfers. Upon further flashing, 
charge separation occurs but the reduced can no longer transfer its electron to Qq as the latter is 
already fully reduced and can only deliver its electron less rapidly to some exogenous acceptor. Addi- 
tional flashes then produce a simple repetitive absorbance-change pattern as ifonly were present in 
the reaction center, as in Fig. 3 (A). 

With a full complement of quinones present in the reaction center [Fig. 3 (C)], the first and second 
flashes produce which then becomes QbH 2, as expected. With the quinone pool present, the fully 
reduced QbH 2 is exchanged with one ofthe ubiquinone molecules in the pool, resulting in the restoration 
of the Qa’Qb state. The same oscillatory absorbance-change pattern with a periodicity of 2 is then pro- 
duced again by the third and fourth flashes. When monitored at 280 nm, a wavelength at which the 
quinone loses its absorption when reduced to either the semiquinone or the fully reduced state, the 
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reduction of to or the formation of Qp’ after the first flash produces an absorbance decrease at 
280 nm, but very little absorbance change after the second flash when Qq' is converted to Qb~. The third 
and fourth flashes produce another, though slightly damped, binary oscillation at 450 nm and a mono- 
tonic decrease in absorption at 280 nm as fully reduced quinone is accumulated in the quinone pool. 
These electron-transfer reactions may be summarized by the following equation, where “c” represents 
cytochrome: 



hv 1 



hv2 



C C 



P'Qa'Qr 



p^q;-Qb-^ 



c c* 



PQaQ^ 



P^Q;-.Q•-A^ 



P'Qa'Qi 



2- 



The Qa’Qb complex may be looked upon as a “two-electron gate,” with the two quinones, one pri- 
mary and the other secondary, acting in series. The two-electron reduction of the secondary quinone 
results from two one-electron reduction steps by the primary quinone and uptake of two protons. This 
series of reactions result in a “binary oscillation” as seen in the accompanying absorbance changes 
shown in figure 3. 
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Fig. 3. Absorbance-change patterns due to quinone reaction in the bacterial reaction center of Rb. sphaeroides excited by four 
consecutive flashes. Quinone compositions examined were: (A) only Qa present; (B) only Qa and Qb present; (C) Qa, Qb and 
quinone pool all present. Figure adapted from Clayton (1980) Photosynthesis; Physical Mechanisms and Chemical Patterns, pp 
215, 216. Cambridge University Press. 
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III.B. Binary Oscillation monitored by Light-Induced EPR-Signai Changes 

In photosynthetic hacterial reaction centers, an iron atom is located between the two quinones and 
interacts magnetically with the reduced semiquinone to yield a hroad EPR signal with a pronounced 
peak atg=1.8, as discussed in the previous chapter. This EPR signal upon flash excitation displays an 
oscillatory pattern with a periodicity of 2, similar to that in Pig. 3 (B). We modify the equation shown in 
the previous section hy incorporating the iron atom into the representation of the reaction center and 
indicate the observed magnetic interaction of iron with the semiquinone by placing these two species 
inside a pair of braces, “{ },” as shown in Pig. 4, top. 

The EPR signals produced in Rb. sphaeroides reaction centers exposed to a series of 3 flashes, as 
reported by Butler, Calvo, Predkin, Issacson, Okamura and Peher®, are shown in Pig. 4, bottom. Plash 
excitation was performed with the reaction-center preparation at pH 8 and 23 °C, while the EPR mea- 
surements were carried out at 2.1 K. The proposed electron-transfer sequence is shown in the upper part 
of Pig. 4. The result obtained by applying the first flash is shown in Pig. 4 (A). A g=1.8 EPR signal with 
a linewidth of 440 G representing the {Fe^^-Qg '} complex appeared. With the reduction of the oxidized 
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Fig. 4. Schematic representation of binary oscillation involving electron transfer from Q* to Qb in the absence of the quinone pool, 
as monitored by changes in light-induced, EPR signals. EPR data adapted from Butler, Calvo, Fredkin, Isaacson, Okamura and 
Feher (1984) The electronic structure of Fe^* in reaction centers from Rhodospseudomonas sphaeroides. III. EPR measurements 
of the reduced acceptor complex. Biophysical J. 45: 955. 
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primary donor in the meantime, by reduced cytochrome c, the reaction center is ready for another charge 
separation by a second flash, following which re -reduction ofthe primary donor and subsequent transfer 
of an electron from ' to Qb~ is expected, resulting in the formation of , as indicated in the 
reaction scheme, and since Qp^'is diamagnetic, no EPR signal is expected. Nevertheless, the experimen- 
tal result in Fig. 4 (B) still shows a small g=1.8 EPR signal, which we will return to later. Since the 
primary donor and Qy^ are now restored to their original state, a third flash would be expected to give rise 
to ag=l .8 EPR signal originating from the {QA ’-Fe^'^}-Qp^~ state, as shown in Fig. 4 (C). The EPR signal 
obtained for the (Qa' state has a linewidth of 330 G but is otherwise very similar to that for 

the Qy^-fFe^^'Qu*} state. 

At 2.1 K, the QATFe^^ Qp' } state is saturated at a microwave power some 40% higher than that 
required for the {Q^‘ state. This indicates that the spin lattice relaxation time ofthe 

OaTFs^^'Qb’"} state is -40% shorter than that ofthe {QA'”'Fe^’}-Qp^ state. As the relaxation time is 
governed by the Fe^* coupled via a dipolar interaction to the semiquinone spin, the relative distances of 
Qy^~ and Qp*' from Fe^\ i.e., may be estimated to be 1.06. This estimate turned out to be quite 
accurate, as subsequent crystallographic analysis has determined that Fe^* is indeed closer to Qp by 2 )A. 

The appearance ofthe small g=1.8 EPR signal in Fig. 4 (B) has been attributed to several possible 
factors, among them, incomplete penetration of the entire sample by the excitation light which would 
leave some ofthe (Fe^’^-Qp' } unchanged after the second flash; less than 100% effectiveness in P870^ 
reduction by the secondary donor (cytochrome); an equilibrium condition between the states that leaves 
a small percentage ofthe reaction centers in the {QA'”Fe^*}-Op state; or possibly a small fraction ofthe 
reaction centers having only one quinone and thus leaving that fraction of {Qa’ -Fe^*} unaltered even 
after two flashes. In any event, it was estimated that -80% ofthe RCs were present in the QA'Fe^^-Qp^' 
state after the second flash while -20% ofthe reaction centers were present in either the Qa' {Fe^^-Qp’*} 
or {Q/ -Fe^^} states, thus accounting for the small EPR signal. 

IV. Protonation of the Secondary Electron Acceptor Qq 

The electron-transfer reaction in bacterial reaction centers described above is coupled to proton trans- 
fer. Proton transfer is an important process from the physiological point of view, because the proton 
gradient established by the process can provide a driving force for ATP synthesis in the cell (see Section 

V. below). We may expand the electron-transfer formulation shown on p. 1 1 5 to include proton transport 
as follows: 




After the doubly-reduced Qp^" is formed and two protons are picked up from the cytoplasm to form 
QqH 2 , the reduced dihydroquinone leaves the reaction center and is replaced by an oxidized ubiquinone 
from the quinone pool. During the proton-transfer process, a proton gradient is established which pro- 
vides the driving force for ATP synthesis. 
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IV.A. Proton-Transfer Pathways; Amino-Acid Residues acting as Proton-Reiays 

Proton transfer is closely linked to the structure of the reaction-center protein. Since protons are 
present in the external aqueous medium, the (reduced) quinone molecules are buried inside the interior 
ofthe reaction-center protein, therefore protonation would seem to require some kind of channel for the 
passage of water molecules. However, at least until recently (see below), there was no evidence for the 
presence of channels large enough to accommodate water molecules. An alternative mechanism might 
involve a chain of ionizable amino acids which extends from the surface of the protein to the interior 
where the reduced quinone is located, forming a pathway along which protons may be transported. Such 
a mechanism has been likened to a “bucket brigade” or “relay station” and shown to exist in such pro- 
teins as bacteriorhodopsin, ATP synthase and cytochrome oxidase. 

Examination ofthe structure ofthe bacterial reaction center, as determined by X-ray crystallography, 
shows there are two chains of amino-acid residues which, together, might provide such a proton pathway 
from the protein surface to Qg, as illustrated in Fig. 5 by the solid and dashed arrows. Guided by the 
known locations of the amino acids in the Q^-binding domain of the Rb. sphaeroides reaction center 
shown above in Fig. 2 (C), one proton, H X 1 ), from the external aqueous phase could be transported to 
one quinone carbonyl via Asp-213 and Ser-223 , the latter being hydrogen-bonded to the carbonyl. This 
pathway is shown by the solid arrow. Another proton, H "(2), might then be transported, v/a Asp-213 and 
Glu-212, to the other quinone carbonyl that is hydrogen-bonded to His-190. This second pathway is 
shown by the dashed arrow. The round-cornered cavity below the methoxy groups ofQ^ represents a 
space where, although not yet established by X-ray crystallography, internal water molecules may be 
present, molecules which may also play an important role in proton transport. 




Fig. 5. Model for proton transfer in the bacterial reaction center of Rb. sphaeroides based on its known crystal structure. Some 
amino-acid residues are shown in the protein interior. See text for details. Figure source; Paddock, Rongey, McPherson, Juth, 
Feher and Okamura (1994) Pathway of proton transfer in bacterial reaction centers: Role of aspartate-L213 in proton transfers 
associated with reduction of quinone to dihydroquinone. Biochemistry 33: 743. 
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Knowing the location of the amino acids in the Qg-binding domain and the fact that any amino acid 
functioning as a relay in proton transfer to Qu must be an ionizable one, Takahashi and Wraight^ and 
Feher, Okamura and coworkers^'*'*’ used site-directed mutagenesis to replace each of the ionizable 
amino acids in the Qg domain with nonpolar ones and examine the consequences of each change. 

As shown in the scheme at the beginning of this section, the reduction ofQgto QpH 2 in a photochemi- 
cal cycle involves two charge-separation reactions which result in the transfer of two electrons and two 
protons, as well as the oxidation of two cytochrome molecules to restore the (twice) oxidized primary 
donor P870^ to its original reduced state. In Fig. 6 we present the details ofthe quinone-reduction cycle, 
as currently perceived, to aid our discussion ofthe individual reactions that are to be monitored. 
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Fig. 6. Photochemical cycles showing coupling of electron transfer to proton transfer, cytochrome oxidation and quinone ex- 
change in (A) native reaction centers where two Cyt c^* are oxidized in the cycle, (B) reaction centers where uptake of the first 
proton is inhibited, and (C) reaction centers where uptake of the second proton is inhibited (shading indicates the quinone pool). 
Figure source: (A) Paddock, Rongey, McPherson, Juth, Feher and Okamura (1994) Pathway of proton transfer in bacterial 
reaction centers: role of aspartale-L213 in proton transfers associated with reduction of quinone to dihydroquinone. Biochemistry: 
33: 734; (B) Okamura and Feher (1 992) Proton transfer in reaction centers from photosynthetic bacteria. Annu Rev Biochemistry. 
61: 868; (C) Feher, Paddock, Rongey and Okamura (1992) Proton transfer pathways in photosynthetic reaction centers studied 
by site-directed mutagenesis. In; A Pullman, J Jorfner and B Pullman (eds) Membrane Proteins: Structures, Interactions and 
Models, p 485. Kluwer. 
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In native reaction centers, as shown in Fig. 6 (A), the first photon causes the transfer of one electron 
from P to and then to Q[, [with rate constant ^AB(i)lwhile P* is reduced by acytochrome in ~1 ps. The 
end product of the first photoact is P-Qy^'OB’" The absorption of a second photon causes this process to be 
repeated, and the resulting P-Q/'Qh’” picks up a proton, IF (1), to form P'Q^' '(QbH). 

This is followed by an electron transfer from Q^' to Qb'H with an electron-transfer rate constant of 
^AB( 2 ) to form a doubly-reduced but still singly-protonated P'Qa’(ObH) • Then P'Qa'CQb^ O' picks up a 
second proton, (2), forming the fully protonated hydroquinone in P'Oa'CQbH:)- Subsequently, the 
reduced QrH 2 is released to the quinone pool to be replaced in turn by an (oxidized) ubiquinone [Q] from 
the pool, thus returning the reaction center to the initial state. In native reaction centers, with excess 
reduced cytochrome and quinone present, the whole cycle takes ~1 in saturating light. Continued 
photoexcitation repeats the cycle, successively taking up two electrons and two protons and forming 
another reduced quinone, followed by its exchange with a quinone in the pool, etc. 

Before proceeding further, we briefly discuss how proton transfer is monitored, so that one may be 
able to assay the effect of replacing certain amino acids in the native reaction centers. We briefly men- 
tion here some specific experimental conditions for measuring the various reactions in the quinone 
cycle. When first prepared, the reaction-center preparations generally contain <2.0 quinones per RC. 
The assay sample usually contains 1-3 pM RC and has been incubated with an excess of cytochrome c 
(horse-heart) and UQ-10 to reconstitute the reaction center, including the quinone pool. Saturating, mi- 
crosecond flashes may be used to induce the transfer of one electron, as well as oxidation of one cyto- 
chrome, to yield the P-QA'QB'"-state. Additional flashes continue the cycle. The rate constant for transfer 
of the first electron from Qa' to Qb, L^ab(I)]> be measured by monitoring the 750.5-nm band shift of 
B<1 >a which is affected to a different extent by Q^' and Qb’ . The rate constant for transfer of the second 
electron from Q/" to Qb"' [^ab( 2 )] is measured by monitoring the decay ofthe semiquinone absorbance at 
450 nm after an even-numbered flash. In addition to the use ofpH-electrodes or conductometric instru- 
mentation, pH change resulting from proton transport may also be followed by monitoring the absor- 
bance change produced by a pH-sensitive indicator dye, such as phenol red monitored at 557 nm. Cyto- 
chrome oxidation, which indirectly reflects P870* reduction, can be conveniently monitored by its ab- 
sorbance change at 550 nm. In native reaction centers, multiple microsecond flashes can elicit many 
repeated photochemical cycles, as previously seen in Fig. 3 (C). 

IV.B. Effect of Site-Directed Mutagenesis on Proton Transfer 

Monitoring cytochrome oxidation appears to be a convenient, though indirect, way for studying the 
effect of inhibition of proton transfer by mutagenesis. Fig. 6 (B) shows what happens to cytochrome 
turnover if the uptake of the first proton, for example, is impeded as a result of mutagenesis. If a bottle 
neck occurs [represented by “«”in both Figs. 6 (B) and (C)] immediately after the P'Qa' ’Qn' -state 
[Figs. 6 (B)], fast oxidation of the two cytochromes during the first cycle should be unaffected but, 
thereafter, the extent of cytochrome oxidation will be decreased by the rate-limiting proton transfer. 
Under these circumstances, electron transfer fromQA' IoQb’ in the P-Q^’ -Qa’ -state would be expected 
to form P'Qa'Qb^A before protonation, along the detour defined by the dashed arrows. 

If uptake of the second proton were blocked instead, the bottle neck would be immediately after the 
PQa(QbH) -state, formed by P'Qa''Qb' the uptake of the first proton and the transfer of the 
second electron from Q/ to Qb [see Fig. 6 (C)]. When the P-Q^'(QjjH) -state receives a third photon it 
undergoes another charge separation, oxidizing another cytochrome, before taking up the second proton 
along an alternative pathway. Thus, when the usual pathway for uptake of IF [2] is blocked, fast oxida- 
tion of three cytochromes can still be observed during the first quinone cycle. However, proton uptake 
follows the rate-limiting pathway shown by the dashed arrows. 
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As noted, extensive studies of the effect of site-directed mutagenesis on proton-transfer have been 
carried out with Rb. sphaeroides reaction centers^'^°’ The most likely candidates for proton relay, 
the conjugate bases of the amino acids, Asp-213 , Ser-223 and Glu-212, have been investigated by re- 
placing them one at a time with amino acids which either can or cannot be protonated under physiologi- 
cal condition. The results of their studies on the effects of mutation as monitored by cytochrome turn- 
over are summarized in Fig. 7. 

In Fig. 7 (A) the proton-transfer model shown earlier in Fig. 5 is used as a framework for the discus- 
sion. Application of saturating light to native reaction centers containing and Qp and incubated in the 
presence of excess reduced cytochrome c and UQ-10, produces a rapid and steady oxidation of cyto- 
chrome c, as shown in Fig. 7 (B). Close examination of the recording shows that ~6 cytochromes c were 
oxidized in less than 5 ms, in agreement with the ms lifetime previously estimated for each quinone 
cycle. Note that this trace will be superimposed in the remaining figures as a reference for comparing the 
effect of selective mutagenesis on cytochrome-oxidation rates. 

When residue Ser-223. which is hydrogen-bonded to one of the Q{j-carbonyl group, was replaced by 
the nonpolar alanine. Paddock, Rongey, McPherson, Juth, Feher and Okamura’ [Fig. 7 (C)] found a 
rapid oxidation of only two cytochromes occurred upon illumination, with further oxidation only occur- 
ring at a rate ~60 times slower. This is in agreement with the block being just before the first proton 
uptake [see Fig. 6 (B)]. This same replacement of Ser-223 by Ala had no effect on the first electron 
transfer rate constant, but the rate constant, /tab( 2 )> for the second electron transfer from Qa' to 

Qb- , was -400 times smaller. The shape of the broad g=1.8 EPR signal of {Qr’ 'Fe^*} was also unaf- 
fected. When Ser-223 was replaced by the conjugate bases of amino acids such as Thr or Asp, the 
original turnover rate remained unaffected. These results clearly indicate that Ser-223 is involved in the 
uptake of the first proton during the quinone cycle. 

Work on site-directed mutagenesis involving Asp-213 was carried out by Takahashi and Wraight’ 
and by Feher and coworkers^. Illumination of Asp-2 13 -» Asn -mutant reaction centers also showed an 
initial rapid oxidation oftwo cytochrome-c molecules [Fig. 7 (D), top]. This result is similar to the Ser- 
223 — » Ala -mutant-mutant, and indicates that Asp-213 is also involved in the uptake of the first proton. 
Subsequent cytochrome oxidation is -100 times slower and A:ab( 2 ) becomes -6000 times smaller. Re- 
placement of Ser-223 with the acidic Glu gave a somewhat faster cytochrome turnover rate, but the 
effect on kAB( 2 ) was similar to that found by replacing it with Asn. 

Most of the amino acids that might possibly function as proton relays, such as Ser-223 and Glu-212, 
are conserved. However, the amino acid-213 is Asp in Rb. sphaeroides as well as in Rb. capsulatas, but 
is Asn-213 in Rp. viridis, Rs. rubrum and Cf. aurantiacus. Examination of amino-acid sequence in the 
three-dimensional structure of these two groups of bacteria reveals that a nearby amino acid is Asp-44 
belonging to the M-subunit protein (not shown). This appears to suggest that in all photosynthetic bacte- 
ria, proton transfer may take either oftwo alternate pathways, namely via Asp-213 or via Asp-44 This 
notion was confirmed by Rongey, Paddock, Eeher and Okamura^ by constructing a double mutant in 
which the original Asp-213 an d Asn-44 were interchanged to give Asn-213 and Asp-44 the same as that 
in Rp. viridis. As seen in Eig. 7 (D), bottom, the double mutant has a cytochrome turnover rate nearly the 
same as the native reaction center. The rate of the second electron transfer, A-ab( 2 )> is also unaffected. 
Thus, the potentially adverse effects of mutation of Asn-213 do not occur if replacement is with Asp-44 
(see Eig. 7 (D) bottom). 

Another mutation involved replacement of Glu-212 by Gln-212, also carried out by Rongey et al.'^. 
The mutant shows an initial rapid oxidation of three cytochrome molecules, followed by a -30 times 
lower rate [Eig. 8 (E)]. This result suggests that the site for the second proton-uptake, HT2), is blocked. 
Separate proton-uptake measurements using the pH-sensitive dye phenol red showed the uptake of the 
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Fig. 7. Proton transfer monitored by observing light-induced oxidation of cytochrome-c. (A) Model of the Rb. sphaeroides native 
reaction-center as a framevuork for examining proton-transfer reactions. Proton transfer examined through cytochrome oxidation 
in native reaction center (B), in Ser-223 -*Ala mutant reaction centers (C), in Asp-21 3 -> Asn and Asp-21 3 -^GIu mutant reaction 
centers (D, top) and Asp-213 -^ Asn and fAsp-213 -> Asn / Asn-44 -» Asp1 double-mutant reaction centers (D, bottom), and Glu- 
212 -> Gln mutant reaction centers (E). Single and double underllneing refer to the L- and M-subunits, respectively. Figure source: 
(B), (C) and (E) Feher, Paddock, Rongey and Okamura (1992) Proton transfer pathways in photosynthetic reaction centers 
studied by site-directed mutagenesis. In. A Pullman, J Jortner and B Pullman (eds) Membrane Proteins: Structure, Interactions 
and Models, p 486. Kluwer; (D)-top Paddock, Rongey, McPherson, Juth, Feher and Okamura (1994) Pathway of proton transfer 
in bacteriai reaction centers: Role of Aspartate-L213 in proton transfers associated with reduction ofquinone to dihydroquinone. 
Biochemistry 33: p 736; (D)-bottom Rongey, Paddock, Feher and Okamura (1993) Pathway of proton transfer in bacterial reaction 
centers: Second-site mutation Asn-M44 ->Asp restores electron and proton transfer in reaction centers from photosynthetically 
deficient Asp-L213-rAsn mutant of Rhodobacter sphaeroides, Proc Nat Acad Sci, USA 90: 1327. 
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first proton was rapid, while that of the second proton was slowed by a factor of -200. Since the block is 
at the second proton-uptake site, the rates for both electron transfers f^AB{i) ^ab( 2 >] were unaffected. 

Several other amino acids, Arg-217 , Asp-210 and His-190, which might also be on some proton- 
transfer pathway, were also examined. Their mutants, such as Asp-210 -> Asn . Aru-217 ^ Gln. and His- 
190 — > Gln . all appear to have no significant effect on proton transfer. Even though Arg-217 and Asp-210 
are rather close to the surface of the reaction center, they are apparently not in the pathway for proton 
transport to Asp-213. Ofparticular interest is His-190. which is hydrogen-bonded to one quinone carbo- 
nyl. The lack of any significant effect of His-190 — > Gln on proton transport indicates that the second 
hydrogen bond between His-190 and also apparently has no important function in proton transfer. 



IV.C. Dissociation of Dihydroquinone QbH 2 from the Reaction Center and its Repiacement 

After Qu is reduced to hydroquinone QnH 2 , it leaves the reaction center and is replaced by a quinone 
from the quinone pool. In other words, there is an exchange between the hydroquinone in the reaction 
center and an oxidized quinone in the pool. This notion of the dissociation of hydroquinone from the 
reaction center is consistent with earlier observations that reduced Qp can be more readily extracted than 
Qa because it is apparently less strongly bound in the reaction center. This hypothesis has been experi- 
mentally confirmed by McPherson, Okamura and Feher^'. These authors used a pool containing a quinone 
homolog, namely, 2,3-dimethoxy-5-methyl-l,4-benzoquinone, and measured the kinetics of charge re- 
combination after the third flash to determine if the doubly-reduced QnHj formed by the first two flashes 
had undergone an exchange with the pool. The reasoning for the experimental protocol is based on a 
consideration of the following hypothetical scheme, where Qq is the quinone homolog: 
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The initial segment of the reaction sequence shows two short, flashes being applied, each causing a 
charge separation, each followed by re-reduction of oxidized P870'^ by reduced cytochrome c, and the 
transfer of two electrons to Q,,, i.e., ubiquinone- 10 (Q,o)plus the uptake of two protons to form Q.oHi- 
At this juncture, the formulation shows two alternative pathways for transferring two electrons and two 
protons from the reduced quinone to the quinone pool. In pathway (a), reduced QiqHj is released and 
replaced by Qg from the pool (the quinone pool is enclosed in “[ ]”). When the third flash is applied 
another charge separation takes place leading to the formation of the P'-Qa'Qq - state, and in the absence 
of any more reduced cytochrome charge recombination P*'Qa Qo”~^ T'Qa'Qo takes place with the rate 
constant, A:(P'Qo). In pathway (b), instead of the entire hydroquinone molecule, Q 10 H 2 , being released, 
just two electrons and two protons are transferred from Q 10 H 2 to the exogenous quinone Qg, with Qig 
remaining at the Qg site. After the third flash is applied, the P"-Qa‘Qio -state is produced. Again, in the 
absence of any more reduced cytochrome, charge recombination P 'Qa'Qio — >P‘QA'QiotaTes place with 
the rate constant yt(P-Qig). Thus measurement of the rate of charge-recombination between P‘ and Qg 
would determine whether the Qp-site is occupied by Q,g or Qg after the second flash and this would 
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depend on whether the route taken was a release-and-replacement (exchange) process, i.e., route (a), or 
simply transfer of electrons and protons to the quinone in the pool by route (b). 

In order to differentiate the two routes of electron and proton transfers, an assay for the rates of charge 
recombination in the P' Qa'Qio' and P^-Qa'Oo complexes is needed. The rate constants for the two 
complexes, one with Q,q and the other with Qo at the Qb site would provide an assay for determining 
whether Q10H2 is actually exchanged. For such a “calibration,” the recombination rates with either Q 10 or 
Qo at the Qg site were separately measured. For this purpose, two types of P Qa'Qb samples are needed, 
one being P-QA'Qioand the other P-Qa'Qo- To obtain theP-QA’Qo sample, Qg (i.e., Qio) is first removed 
from a normal reaction center by extraction and then the extracted P-QA-sample reconstituted with Qq. 
The spectro-kinetic results for the two samples are shown in Fig. 8 (A) along with the composition ofthe 
samples and the measured recombination rate constants. The trace shown in Fig. 8 (A, a) was obtained 
by applying a single flash and monitoring the rise (charge separation and formation of P870*) and decay 
(charge recombination restoring P870) spectrophotometrically at 865 nm, with a time resolution of~20 
ms. 

Depending on whether the sample is to have Q|o or potentially Qo at the Ojj-sitc, a corresponding 
quinone pool was provided. Note that the sample medium also contains 2 oxidized cytochromes per 
reaction center. The cytochromes (extracted cytochrome C 2 ) are present simply to provide a natural 
environment for the reaction center; neither component actually undergoes any chemical change. Since 
there is no reduced cytochrome present, the photooxidized P870* is not reduced after the flash and thus 
charge recombination between P870^ and Qg takes place subsequent to charge separation caused by tbe 
flash. The decay kinetics are shown for the two kinds of samples in Fig. 8 (A, a). A semilogarithmic plot 
is also presented for the decay kinetics in Fig. 8 (A, b). For the sake of simplicity, the slow phase 
amounting to 10-20% of the total absorbance change was omitted in the semilog plot. The recombina- 
tion rate constants /r(P-Q|o) and A:(P-Qo) are clearly different; the measured rate values being 0.84*0.04 
.S'-' and 1.7±0.2^: respectively. 

Measurements for testing which route is actually taken for electron and proton transfers by the re- 
duced O 1 JH 2 are presented in Fig. 8 (B). Here the normal reaction center with Q|q serving as both Qa and 
Qb is used. About twice as many reduced cytochrome molecules as reaction centers are provided [see 
table in Fig. 8 (B), top] to assure two turnovers of P870* with the first two flashes. Application of two 
flashes leads to a net transfer of two electrons to Qg (=Qjo)- Appropriate quinone pools, one containing 
Qio and one containing Qq, are provided in the two separate experiments. 

For each ofthe two kinds of samples, three short saturating flashes were used. The first two flashes 
are used for two turnovers ofP870, ending with the formation of P’-Qa'Qio . Since the re-reduction of 
P870' by reduced cytochrome C 2 is very rapid and takes but a few microseconds and the time resolution 
ofthe instrument used is 20-ms, no absorbance change is resolved with either ofthe first two flashes. 
Also, sincejust two reduced cytochrome molecules per reaction center were provided to the sample the 
cytochrome is virtually all consumed in P870‘^ re-reduction after the first two flashes have been applied. 
At this junction, the reduced Q 1 QH 2 transfers electrons and protons either by route (a) or by route (b). The 
third flash produces the charge-separated state, P"*Qb’ , which, since the supply of reduced cytochrome 
is exhausted, will undergo charge recombination between them. Note that the behavior of Qq’^ at this 
stage will depend on whether QbH 2 formed after the first two flashes undergoes exchange with the quinone 
in the pool or simply transfers electrons and protons to the pool. As can be seen from the results of 
spectro-kinetic measurements in Fig. 8 (B, a) and the semilog plots in Fig. 8 (B, b), the charge recombi- 
nation rate constants 0.84*0.045 ' and 1.7*0.25"' are obtained for the quinone poolscontainingQio and 
Qo, respectively. 
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Calibration of charge-recombination rates for 

(A) P^-QvQio'- ^*^'°’ -^P-Qa Qio and P^ Qft'Qo". P Qa'Qo 
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PQa'Qio 


1.9 nM RC (2 Q,o/RC): 4 )iM cyt Cj^*; 20 pM [Q,o] 


0.84±0.04 s’* 


PQa-Qo 


2 tiM RC (0.8 Q,o/RC); 4 pM cyt c^*; 100 pM [Qol 


1.7±0.2 s"' 




Test of transfer of reducing power to the quinone pool 
by measuring charge-recombination rate constants 



Sample 
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2.3 pM RC (1.92 Q,o/RC): 5 pM cyt 20 pM [Q,ol 
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2.4 pM RC (1.92 QJRC); 5 pM cyt Cj®*: 100 pM [Qj,] 


1.7±0.2 s’’ 




Time, s Time after flash-3, s 



Fig. 8. Charge recombination rates determined by measuring the 865-nm absorbance changes due to charge separation and 
recombination. See text for detaiis. Figure source: McPherson, Okamura and Feher (1990) Electron transfer from the reaction 
center of Rb. sphaeroides to the quinone pool, doubly reduced Qb leaves the reaction center. Biochim Biophys Acta. 1016' 290 
291. 
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Note that in the case of a Qio-pool, either reaction route (a) or (b) would yield a recombination 
constant /:(P'Qio). The measured value of 0.84±0.04 s"' is in excellent agreement with the “calibration” 
value. In the case of a Qo-pool, the rate constant ^(P'Qo) is expected if an exchange between Q 10 H 2 and 
Qo in the pool has taken place. The measured recombination rate constant of 1.7±0.2 s ' confirms that a 
molecular exchange between Q 10 H 2 and Qo has indeed taken place per route (a) discussed on p. 123. 

IV. D. Involvement of Water Molecules in Proton Transfer 

Up to this time, most of the work on the mechanism of proton transport has primarily been centered 
on the role of the amino-acid residues surrounding the secondary quinone through site-directed mu- 
tagenesis, as we have discussed above. As protons are present in the external aqueous phase, and the 
quinone molecules are buried inside the interior of the reaction-center protein, proton transport would 
need some kind of water channel - a “water wire” - for proton passage. In fact, the presence of a chain 
of water molecules below the “methoxy pocket” of Qu and extending to the external solvent was pre- 
dicted in 1992 by Beroza, Fredkin, Okamura and Feher^^ using a computational approach. This concept 
has gained concrete support by the subsequent finding by Ermler, Fritzsch, Buchanan and Michel’^ of a 
chain of water molecules in a new trigonal crystalline habit of the reaction center of Rb. sphaeroides at 
a resolution of 2.65 A. The result showing location of the L, M and H subunits and the water chain is 
shown in Fig. 9. The same figure in color is shown in Color plate 2. 




Fig. 9. Image of the water chain extending from the Qa-binding site across the H-subunit to the cytoplasm in the Rb. sphaeroides 
reaction center. Symbols for water molecules and the L-, M- and H-subunit polypeptide chains are shown in the figure itself. Figure 
adapted from Ermler, Fritzsch. Buchanan and Michel (1994) Structure of the photosynthetic reaction centre from Rhodobacter 
sphaeroides at 2.65 A resoiution: cofactors and protein-cofactor interactions. Structure 2: 933. The same figure in color is shown 
in Coior plate 2. 
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Near the interface of the M- and H-subunits, a continuous chain of 14 water molecules approximately 
23 A long can be seen. The water chain starts from the proximal methoxy oxygen of Qb and extends to 
the cytoplasmic surface of the H-subunit, and is thus directly accessible to the bulk solvent outside the 
protein. The bound water molecules are in extensive contact with amino-acid residues where negative 
charges dominate the Qg binding pocket as well as the water channel. This dominance of acidic residues 
along the water chain provides a suitable environment for their transport of positively-charged protons. 
Of course, the actual role of the water chain in proton transport remains to be confirmed experimentally. 
One approach that has been suggested by Ermler et al. is to interrupt or block the water chain by site- 
directed mutagenesis and observe its effect on protonation of Qb. 



V. The Transmembrane Proton Pump and ATP Synthesis - A Preliminary Overview 

Photochemical charge separation leads to the transfer of electrons to thequinone Qg, and to its proto- 
nation by the solvent. The reduced QgHj then dissociates from the reaction center to be replaced by 
quinone from the pool. This reduced quinone provides a very important energy source in the metabolic 
processes of photosynthetic bacteria. In photosynthetic bacterial cells, the reduced quinone returns its 
electrons to the oxidized P870* via an electron-transfer chain containing the cytochrome bc\ complex 
that is strikingly similar to the proton-translocating Complex III ofthe mitochondrial respiratory chain. 
A schematic representation of the electron- and proton-transport processes in Rb. sphaeroides is shown 
below in Fig. 10, where oxidized and doubly reduced quinones are represented by solid and shaded 
hexagons, respectively, and the quinone pool is represented by a quinone included inside the bracket [ ]). 

The first electron from the reduced quinone are transferred to a fe-type cytochrome and a second 
electron to the Rieske iron-sulfur protein and cytochrome c, in the cytochrome- 6c ^ complex. These 
electrons are subsequently transferred to cytochrome on the periplasmic side ofthe plasma membrane 
and finally go to reduce the oxidized primary electron donor P870*^ to complete the cyclic reaction. 

Note that this cyclic electron-transfer process produces no net oxidation or reduction. However, in the 
process, protons acquired from the cytoplasm are translocated across the plasma membrane to establish 
a transmembrane electrochemical potential gradient. The dissipation of such a proton gradient then 
provides the necessary energy to drive ATP synthesis. A similar simplified cyclic electron-transport 
diagram has been shown earlier in Chapter 3 as Fig. 12 (C) on p. 81, in connection with a discussion of 
a“LHl-RC-Cyt 6C|” supercomplex of Rb. sphaeroides. More detailed discussion ofthe cytochrome 6c] 
and ft,/ complexes and ATP synthesis will be presented in Chapters 35 and 36, respectively. 




Fig. 10. Schematic representation of electron and proton transfers in bacterial photosynthesis. 
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As discussed in Chapter 4, when quinone was first found to be photochemically reduced in photosyn- 
thetic bacteria, it was considered to be the primary electron acceptor. This notion resulted largely from 
the relatively long lifetime of the reduced semiquinone(^ 100 /js) with respect to the best time resolution 
then available. With each increase in the time resolution of the measuring technique, there was a corres- 
ponding increase in the probability of uncovering any acceptor that might precede the quinone. Even- 
tually a bacteriopheophytin molecule was found to act as an electron-transport component between the 
primary electron donor and (ubiquinone) in the photosynthetic bacterium Rb. sphaeroides. As for 
nomenclature, the label ""stable primary electron acceptor” has now been adopted for the quinone Qa in 
the photosynthesis literature and the earlier acceptorbacteriopheophytin (BO) is now called the ""tran- 
sient intermediary electron acceptor,” abbreviated as “I.” More recently, however, monomeric bacterio- 
chlorophyll, abbreviated as “B,” has actually been found to be an even earlier electron acceptor in the 
electron-transfer sequence. In other words, two electron-transfer steps precede quinone reduction. In 
Fig. 1, the various pigment and cofactor molecules are shown in their known arrangement in the elec- 
tron-transfer chain of the bacterial reaction center: primary donor P, i.e., the BChl special pair ([BCh!] 2 ), 
followed by the monomeric BChl (B), then Bd> and then Q. Since the electron flows along the A-branch 
in the reaction-center complex, the cofactors following P are accordingly labeled Ba, BOa and Qa- 
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I. Discovery of the Involvement of BO in Photochemical Charge Separation 

The notion of the possible participation of bacteriopheophytin in photochemical charge separation 
was first raised in 1975 by Parson and coworkers ’ . It was found that either when the reaction center was 
poised at a redox potential sufficiently negative so that the stable primary electron acceptor quinone was 
chemically reduced, as illustrated in Fig. 1 (A), or when the acceptor quinone is physically removed by 
extraction [Fig. 1 (B)], appreciable absorbance changes due to light-induced charge separation could 
still be observed, given sufficient time resolution. When a reaction center treated in either manner is 
activated with nanosecond flashes, a charge-separated state [P^'F], i.e., [P^'BO'] (called the”pFstate” 
by Parson, “F’ standing for ‘Tast”) is formed over a wide range of temperatures with high quantum 
efficiency. These results indicate that there must be an electron acceptor ahead ofQ. The P'"-state shows 
absorbance decreases at 505, 542, 760 and 865 nm, as well as absorbance increases at 610 and 680 nm 
and a blue shift near 800 nm. The P*^-state has a lifetime of 10 wi' at ambient temperatures and ~30 ns 
below 80 K. The P*"- state decays in part to the triplet state [^Pd], also called the “P'^-state” (“R” standing 
for thexadical-pair triplet), its absorption spectrum corresponding to that of triplet state ofbacteriochlo- 
rophyll. The quantum efficiency for the formation of the P’^-state is ~0.1 at 293 K but nearly 1.0 at 15 K. 
It decays in 6 //s at room temperature and in- 1 20 /zy below 80 K. 







Fig. 1. Schematic representation of photochemical charge separation and electron transfer taking place in functional bacterial 
reaction centers (center row) and in reaction centers where the acceptor quinone molecuies are pre-reduced (A) or removed (B). 
A change in redox state of the cofactors is represented by a change in shading of the symbols. 



/. A. Spectroscopic Evidence 

Also in 1975, Fajer, Brune, Davis, Forman and Spaulding investigated the possible involvement of 
bacteriopheophytin in bacterial photosynthesis by examining the spectral properties of electrochemi- 
cally reduced bacteriopheophytin (BO) in solution. BO molecules in CH2CI2 undergo a reversible, one- 
electron reduction with a halfwave potential (Ei/,) of-0.54 V V5. the normal hydrogen electrode. From the 
experimentally measured reduced-minus-oxidized difference spectrum of BO ? combined with the known 
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difference spectrum for P870 photooxidation, these workers could make up a composite difference spec- 
trum to construct the species that would be expected in a charge-separation reaction involving P870 as 
the primary donor and BO as the electron acceptor [see Fig. 2 dashed curve]. Interestingly, this compos- 
ite spectrum coincides quite well with the difference spectrum for the formation of the P''-state. Thus 
Fajer et al. proposed that when the quinone Q in the reaction center was pre-reduced chemically, photo- 
chemical excitation would cause transfer of an electron from the excited primary donor to the intermedi- 
ary electron acceptor BO. The P*^-state is therefore equivalent to the state [P^T“], i.e., 
[P870^-BO-]. 

Note the data points marked by “x” in the near infrared region between 1000 and 1300 nm, as reported 
by Dutton, Kaufmann, Chance and Rentzepis"^. This combination of extinction coefficients is almost 
certainly due to the oxidation of the primary electron donor, P870, i.e., the bacteriochlorophyll “special- 
pair” [BChl] 2 '^, since it is not found for species such as BChF, BChF, or B<I>~ (generated electrochemi- 
cally). Picosecond measurements have revealed the maximum absorbance increase at 1250 nm in Rb. 
sphaeroides and C. vinosum and at -1300 nm inRp. viridis. Picosecond measurements in this wave- 
length region can thus provide direct information on the reaction course of P870 photooxidation. 




Fig. 2. Comparison of laser flash-induced absorbance changes due to the fonnation of the P'^-state with the AA changes calcu- 
lated on the assumption that AA(P'') = AA(P870) + AA(Bd)), where AA(P870) and AA(BO) are changes caused by the photooxida- 
tion of P870 and the reduction of BO, respectively. Figure source: Fajer, Brune, Davis, Forman and Spaulding (1975) Primary 
charge separation in bacterial photosynthesis: oxidized chlorophylls and reduced pheophytin. Proc Nat Acad Sci, USA. 72: 4958. 



I.B. Picosecond Kinetic Evidence 

Results from additional picosecond kinetic measurements of the photochemical and electron-transfer 
reactions in photosynthetic bacteria also gave support to the notion of the existence of an intermediary 
electron acceptor. This can best be illustrated with the kinetic studies of Kaufmann, Dutton, Netzel, 
Leigh and Rentzepis^ on the involvement of BO as a transient intermediary electron acceptor in photo- 
synthetic bacteria. When Q is functional, i.e., Q is present in the oxidized state [see Fig. 1], flash illumi- 
nation would be expected to produce first the [P^-BO"]-Q-state followed by the [P'^-BOj-Q'-state. Ex- 
amination of this reaction by picosecond spectroscopy revealed both the time it takes for electron dona- 
tion from P*to BO and the lifetime of BO', i.e., the time it takes for BO' to transfer an electron to Q. 
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Fig. 3 shows the picosecond kinetics reported by Kaufmann etal.^. These workers used Rb. sphaeroides 
R-26 reaction-center complexes poised either at -1-200 mV to maintain Q in the oxidized state and func- 
tional [Fig. 3 (A)], or poised at -400 mV, so that Q is chemically reduced before the flash [Fig. 3 (B)]. 
Picosecond absorbance changes at 540 nm were measured to directly monitor the redox changes of Bd>. 
In both cases, BO photoreduction represented by the initial absorbance decrease occurred in ^ 1 0 ps. In 
both cases, the risetime of the 1250-nm absorbance increase (not shown), which can be assigned exclu- 
sively to the photooxidation ofP870, also showed a risetime of <10 pi'. These results indicate that, 
independent of the redox state of Q, P870 is photooxidized and loses an electron to BO, by way of the 
[P BO]+/?ia->[P^BO ] reaction, in <10 ps. 

In the reaction center containing functional Q [Fig. 3 (A)], the decay time of BO' (100-200 p.v) was 
attributed to the time it takes for an electron to be transferred from BO' to Q. In the reaction centers 
where Q is pre-reduced, P’ and BO' persist for nanoseconds before recombining to reform [P-BO], and 
thus no decay of the 540-nm absorbance-change signal is seen in the 200-pi time range [Fig. 3 (B)]. 
From these results one can infer that BO acts as an intermediary, transient electron acceptor between 
P870 and Q. 



(A) 

+200 mV 



(B) 

-400 mV 




0 40 80 120 160 200 ps 



Fig. 3. Kinetics of picosecond laser-induced absorbance changes at 340 nm in Fb. sphaeroides R-26 reaction centers. Sample 
(A) poised at +200 mV and (B) at -400 mV. Figure source: Kaufmann, Dutton, Netzel, Leigh and Rentzepis (1975) Picosecond 
kinetics of events leading to reaction center bacteriochlorophyli oxidation. Science 1 88: 1 303. 

The above discussions may be summarized as follows: when the acceptor side of the reaction center is 
oxidized, i.e., it is in the [PT]-QA-state, light activation produces the P''-state, i.e., the [P*T']-Q^-state, 
where I is the transient intermediary electron acceptor, namely a BO molecule. When the reaction center 
is pre-reduced to the [P-l]-QA~-state, light activation produces the P’^-state, i.e., the [^PT]-Q^'-statewith 
a lifetime of- 10 ns. Most of the radical pairs recombine to reform the original [P-I] state, but some form 
the triplet state ofP. In the initial excited singlet state [P'd ], the spins on P*" and I are antiparallel. 
During the lO-ns lifetime of the excited singlet state, the spins of the unpaired electrons on the radical 
pair interact with nuclear spins on the two molecules, or with the electron spins on or the nonheme 
iron atom, but in any case there is a rephasing of these two unpaired spins. Recombination of these 
radical pairs, now with a predominantly triplet character, leads to the formation of the triplet state of P, 
i.e., the P'^-state: ^[P'T'] Qa' -> '^[P"T-]-Qa fP-ll-QA'. 




Chapter 7 The Early Electron Acceptors of Photosynthetic Bacteria 

II. Photochemical Accumulation of Reduced BO (BO~ or T) 



133 



Under normal electron-transfer conditions, the lifetime of the reduced BO" is quite short (-200 ps) 
making it difficult to examine its spectral changes in detail. However, if Q is pre-reduced, the separated 
charges in P^' and BO“ recombine in -10 at ambient temperatures and, in principle, it should be 
possible to trap or accumulate BO" if an efficient electron donor is available to reduce P”^. The physi- 
ological electron-donor, cytochrome c in its reduced form (c^') requires only a few microseconds to 
donate an electron to P* but is still much slower than electron donation by BO" and at first sight, it would 
appear to be rather difficult to accumulate the BO" state. 



II.A. The Absorption Difference Spectrum 

The irreversible nature of electron donation from reduced cytochrome to P"^ in a reaction center can be 
used to accumulate bacteriopheophytin as BO". For instance, at a sufficiently reducing potential, say, 
-400 mV, all redox components in the reaction center, except BO, are reduced in the initial state: 
c^’^'[P'BO]‘Q". Prolonged illumination ofthe reaction center-cytochrome complex (RC-Cyt cj under this 
condition will produce many turnovers, P*'-BO"-Q" ^4 P-BO-Q", until c^* eventually intervenes: 
c 2V[P+-BO ]-Q" -> c^^P-BO"]Q" . When the sample is poised at a low redox potential and illuminated 
near ambient temperature, the oxidized cytochrome is also constantly being re-reduced, favoring a net 
change of BO to BO". This process is called “photochemical accumulation” or “photochemical trap- 
ping” of BO". The BO" thus accumulated may then be examined later at leisure by optical or EPR 
spectroscopy. Several laboratories have independently reported photochemical accumulation of BO 
using the general procedure just described in Fig. 4. We present here the results of Shuvalov et al.^, 
Tiede et alJ, and van Grondelle et al^. As can be seen, each of the three groups had some unique 
approaches to the acquisition and analysis ofthe experimental data, yet the final results were remarkably 
similar, even in many ofthe details. 

All three groups used the RC-Cyt c complex prepared from the photosynthetic bacterium Chromatium 
in order to take advantage of the active electron-donating cytochrome already present in the reaction- 
center complex. This RC-Cyt c complex prepared from Chromatium has a functional integrity as compe- 
tent as chromatophores or whole cells, with the oxidation of its cytochromes occurring in microseconds 
following a flash. Chromatium cells contain two c-type cytochromes: cytochrome-c555, with En,=340 
mV, and cytochrome-c555, with £^=0 mV. Cytochrome c553 can rapidly and irreversibly reduce P \ the 
reduction being rapid at all temperatures: t</, in the microsecond range at ambient temperatures, 1 0 /is at 
200 K, and 2.5 ms from 120 K down to 4.2 K. As noted, the irreversible nature of this electron-transfer 
reaction at sufficiently negative redox potential ofthe medium is crucial for the photochemical accumu- 
lation of B$".In the case of Rb. sphaeroides, whose reaction-center complex does not retain its cyto- 
chromes in the course of preparation, photochemical accumulation of BO can be achieved by the addi- 
tion of an exogenous, mammalian cytochrome c. 

The functionally active c-type cytochromes in the RC-Cyt c complex prepared from Chromatium 
minutissimum by Shuvalov et alf can rapidly reduce P870 * over a wide temperature range. Illumination 
for 20-30 5 at 20 °C ofthe RC-Cyt c complex reduced by dithionite permitted the steady-state absorbance 
changes to be monitored at various wavelengths. The difference spectrum constructed from these changes 
is shown in Pig. 4 (A) and is characterized by bleaching ofthe absorption bands of Bd>at 543 and 760 
nm. The bleaching at 595 and 805 nm and the development of an absorbance band at 790, 430 and 650 
nm have all been attributed to BChl. However, as expected, no bleaching due to P890* formation was 
observed at 890 nm. 
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Wavelength 



Fig. 4. Difference absorption spectrum of photoreduced bacteriopheophytin (Bd)) [AA(Btt>'-Bd>)] obtained by '‘photochemical accu- 
mulation." See text for experimental details. Figure source: (A) Shuvalov, Klimov, Krakhmaleva, Moskalenko and Krasnovsky 
(1 976) Photoconversion of bacteriopheophytin in reaction centers of Rhodospirilium rubrum and Chromatium minutissimum. DokI 
Akad Nauk SSSR 227: 986; (B)Tiede, Prince and Dutton (1976) EPR and optical spectroscopic properties of the electron carrier 
intermediate between the reaction center bacteriochlorophylls and the primary acceptor in Chromatium vinosum. Biochim Biophys 
Acta 449: 452; (C) van Grondelle, Romijn and Holmes (1976) Photoreduction of the long-wavelength bacteriopheophytin in 
reaction centers and chromatophores of the photosynthetic bacterium Chromatium vinosum. FEBS Lett 72: 188. 

The RC-Cyt c complex prepared by Tiede et alJ from Chromatium vinosum was also reduced, being 
poised at -400 mV, but instead ofbeing held at ambient temperature as was done by Shuvalov et al.^, the 
sample was maintained at 200 K, where the electron-transfer time from to P'^ is ~ 1 0 ps, rather than 
~1 ps as it is at room temperature. However, the ]*Q state formed by illumination is very 

stable (decay halftime ~20 m) at 200 K, and the decay time is even longer if the sample is cooled to 80 K 
after illumination, thus allowing a leisurely measurement of the spectrum. 
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The light-minus-dark difference spectrum for the reaction c^*[P-BO]Q”+/!V^ ]-Q" consists 

of changes due to both BO reduction and cytochrome oxidation. In order to obtain the net difference 
spectrum for BO reduction, it is necessary to subtract the spectrum for cytochrome oxidation. The latter 
was obtained separately by using the same RC-Cyt c complex at 200 K but poised at only -60 mV. At this 
potential, the cytochrome is chemically reduced but the quinone, whose E„= -160 mV, remains oxi- 
dized. Illumination of the complex in the c^'^[P-BO.]Q state leads first to c^^[P*-BO~]-Q and then to 
c^^[P'BO]'Q", yielding a net absorbance change due to cytochrome oxidation plus only a negligible 
absorbance change due to quinone reduction in the wavelength region examined. When this absorbance 
change is subtracted from the composite change consisting of both B<t> reduction and oxidation, the 
net absorbance change due to Bd) reduction is obtained, as shown in Fig. 4 (B). 

The difference spectrum is characterized by bleaching due to Bd> reduction at 360 and 390 nm, and 
decreases at 543 and 757 nm. The latter two absorbance changes are now known to belong to Bd>A in the 
reaction center (the other bacteriopheophy tin, BOb, absorbing at 535 nm). Other changes are an absor- 
bance increase at -425 nm and abroad increase between 600 and 680 nm. The absorbance decrease near 
800 nm was partly attributed to BChl. Again, no absorbance change due to P890 oxidation was observed 
near 880 nm. 

The difference spectrum in Fig. 4 (C) was obtained by van Grondelle et al!' using the RC-Cyt c 
complex also prepared from Chromatium vinosum. The sample was poised with 10 mM dithionite plus 
5 }iM TMPD at -15 °C. At this temperature, the cytochrome-oxidation time is 3 /is, and there is no net 
oxidation ofthe cytochrome, as it is efficiently re-reduced by the TMPD-dithionite couple. An illumina- 
tion time of 5 5 followed by a dark interval of 5 m for recovery was used for each data point. The 
difference spectrum constructed from the data points is shown in Fig. 4 (C). The absorbance changes are 
remarkably similar to those of Figs. 4 (A) and (B). Note that van Grondelle et al. also presented the 
reduced-minus-oxidized difference spectrum of isolated bacteriopheophytin in an organic solvent and 
normalized it to one B<t> molecule reduced per reaction center, as shown in Fig. 4 (C) by the dashed line. 
Taking this in vitro BC> difference spectrum into consideration, the observed absorbance changes in the 
800-nm region were attributed to a BChl molecule, with its 800-nm band undergoing a blue shift to a 
broadband centered at 786 nm. The nature ofthe band shift may be similar, but perhaps not identical, to 
the band shift produced by the oxidized P870'^. 

I LB. The EPR Spectrum 

When photoreduced Bd) is accumulated, an EPR spectrum is also produced. For instance, in Chromatium 
minutissimum subchromatophores poised at -430 mV and illuminated at 293 K, Shuvalov and Klimov^ 
found the kinetics of formation of an EPR signal to be identical to that ofthe absorbance change due to 
Bd) reduction. The EPR spectrum had a g- value of 2.0025 and was 12.5 G wide. Therefore the authors 
attributed the EPR spectrum to a simple Bd>~ free radical as g-value and the halfwidth were consistent 
with that reported for the single-pigment radical in solution. 

Tiede, Prince and Dutton? used a Chromatium vinosum RC-Cyt c complex in which Cyt-c55J and Q 
had been pre-reduced chemically by dithionite and reported the differential EPR spectra before and after 
illumination [see Fig. 5]. The trapped state is associated with two prominent EPR signals in the g»2 
region [Fig. 5 (A)]: one is centered atg=2.003 and 15 G wide. The other major signal is also centered at 
g=2.003 but is actually composed of two peaks split by 60 G, with maxima at g=2.034 and 1.976 at 9.1 
GHz. The amplitude of the doublet signal is very temperature sensitive and not easily saturated with 
microwave power, whereas the g=2.003, 15-G wide signal displays only the Boltzmann dependence on 
temperature and easily saturated with microwave power. By utilizing these different properties, it is 
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possible to record the two signals separately under appropriate conditions. Fig. 5 (B) shows the doublet 
measured at a low temperature and high microwave power, while Fig. 5 (C) shows the free-radical signal 
measured at a higher temperature. It has been proposed that the split EPR signal is the result of an 
exchange interaction between an organic radical (BO~) at gw2 and a high-field, g=1.82 paramagnetic 
center (Q'Fe^^), analogous to the doublet EPR signal seen in vitamin-B 12 resulting from an interaction 
with the divalent, low-spin cobalt. 

As expected, the amplitude of the doublet EPR signal, attributed to BO“, parallels the extent of prior 
reduction ofquinone. The redox-potential dependence of the appearance of the doublet signal was ex- 
amined by measuring the signal amplitude over the -1-200 to -200 mV range. Each signal was generated 
by 3 minutes of illumination and then measured at 7 K, at a microwave power of 1 mW. As seen in Eig. 
5 (D), at -h 185 mV, very little EPR signal and no accumulation of BO' is seen. The doublet signal 
gradually increased as the potential became more negative. At -195 mV, the amplitude was approxi- 
mately halfofthe maxium shown in Pig. 5 (A). The results shown in Pig. 5 (D) indicate that the ampli- 
tude of the doublet signal follows the redox-titration curve ofquinone in Chromatium, with a midpoint 
potential of- 160 mV agreeing with the value previously determined for the quinone in this species. 




g = 2.05 2.0 1.95 




Fig. 5. EPR spectra associated with the reduced intermediary acceptor 1" IBO"] formed in the reaction-center/cytochrome complex 
and measured at different temperatures and microwave-power levels (A, B and C). (D) Redox titration of the T signal. Samples 
poised at indicated redox potentials and then illuminated for 3 m before being cooled to 7 K and assayed. See text for details. 
Figure source: Tiede, Prince and Dutton (1976) EPR and optical spectroscopic properties of the electron carrier intermediate 
between the reaction center bacteriochlorophylls and the primary acceptor in Chromatium vinosum. Biochim Biophys Acta. 449: 
455. 460, 

At this point, a brief mention will be made regarding the redox potential of the [B<l)/BO'] couple. 
Being an early electron acceptor in bacterial reaction centers, its redox potential is an important property 
forthe understanding ofthe energetics ofthe photochemical reactions. Klimov, Shuvalov, Krakhmaleva, 
Klevanik and Krasnovsky*® determined the redox potential of the [BO/BO'] couple by redox 
potentiometry. The approach taken was to gradually decrease in a straightforward manner the ambient 
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redox potential so as to chemically reduce Bd> in the reaction center. The amplitude of the light-induced 
absorbance change due to the photooxidation of P870 or due directly to the extent of BO photoreduction 
would parallel the amount of BO still present in the oxidized state. As the redox potential of the medium 
becomes more negative, BO becomes increasingly reduced, and the amplitude of either absorbance- 
change decreases in a complementary fashion. From this series of experiments a redox titration curve of 
the absorbance-change amplitude V5. the redox potential was obtained and a midpoint redox potential of 
-620 mV was determined for the [BO/BO"] couple. 

III. Involvement of the Monomeric BChl in Photochemical Charge Separation 

It is evident that at a time resolution of ~10 ps, the kinetics of extremely rapid events such as BO 
photoreduction cannot be adequately resolved. However, from a consideration of the three-dimensional 
structure of the bacterial reaction center, the notion of the monomeric BChl acting as an acceptor prior to 
BO appears quite plausible, since the primary donor, a [BChl]2-dimer, is known to be in van der Waals 
contact with B (B^), but 17 A from BOa- In fact, as early as 1978 Shuvalov and coworkers" suggested 
that the bacteriochlorophyll molecule may serve as a transient electron acceptor, bridge between the 
primary donor P and BO. Thus a revised charge-separation pathway in bacterial reaction centers may be 
represented by the modified scheme below, incorporating an additional step involving the reduction of 
Ba prior to reduction of BOa . pathway, the time Xj for reduction of Ba by P, is most likely less 

than i 2 for reduction of BOa by Second, even though reduction of BO is already known to take only 
3.5 ps following flash excitation, one would still expect the decay of BA"to coincide with the formation 
of BOa” ■ BOa Ba + BOa" 




III.A. Initial Findings 

In 1978, before the three-dimensional structure of the bacterial reaction center had been determined, 
Shuvalov and coworkers" obtained spectro-kinetic evidence which appeared to suggest that a mono- 
meric bacteriochlorophyll (also called the accessory BChl and commonly abbreviated as B) may func- 
tion as an intermediary electron acceptor between P and BO. These workers used 880-nm flashes, timed 
to arrive at the sample with their profiles partially overlapping, to probe the Rs. rubrum reaction-center 
complex and observed the formation ofthe P''- or [P*'BO“]-state. At 3Q-ps delay [Fig. 6 (A)], the absor- 
bance change is consistent with the sum of spectral changes due to P870 photooxidation and BO pho- 
toreduction. They also observed, as shown in Fig. 6 (B), with a “delay” time of -ips, i.e., with the center 
of the monitoring pulse advanced to precede that of the excitation pulse by 8 ps, absorbance changes at 
870, 600 and 800 nm that are attributable to the photooxidation of P870 and the reduction of a mono- 
meric BChl molecule. Significantly, at this very early time, no changes characteristic of BO reduction 
were observed in either the 540- or 750-nm regions, whereas these changes were prominent in the 3Q-ps 
delay spectrum [Fig. 6 (A)]. The absorbance-change spectrum at 360-p^ delay appears to be due to 
formation ofthe [P'^-BBO]-QA”-state. Shuvalov eta/, concluded that the formation ofthe [P*-B”]-state 
preceded that of the [P^-BO”]-state. The [P’'-B”]-state was called the “P^-state” by these authors, where 
the superscript “E” stands for “early.” 
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Fig. 6. Picosecond flash-induced absorption difference spectra of Rs. rubrum reaction centers measured at 360, 30 ps (A) and 
-8 ps (B) relative to the center of the excitation flash. The reaction-center sample was maintained at 4 ®C and +200 mV. Figure 
taken from Shuvalov, Klevanik, Sharkov, Matveetz and Krukov (1978) Picosecond detection of BChl-800 as an intermediate 
electron carrier between seiectively-excited P870 and bacteriopheophytin in Rhdodospirillum rubrum reaction centers. FEBS Lett 
91: 137. 

However, data reported by other workers (see R1-R3 for further discussion) gave rise to some 
controversy and for this reason Shuvalov and Duysens'"^ extended their picosecond measurements to a 
modified reaction-center complex of Rb. sphaeroides R-26. It is known that the bacterial reaction center 
contains two monomeric BChl molecules, and that only cofactors in the L- (i.e., A-) branch, including 
BChl, participate in electron transfer. To eliminate any possible band shift of the absorbance bands of 
the BChl molecule, Bq, during the formation of the [P^-B^'l-state, Shuvalov and Duysens used the 
procedure of Ditson, Davis and Pearlstein'^ to selectively remove the Br molecules by a well-docu- 
mented NaBH 4 treatment. Furthermore, it is known that the conversion of P in the Bg-deleted reaction 
centers to P"^ is nearly 100% and the interaction of B^ with BO^ is unaltered. 

Absorption-spectrum changes measured at several delay times inNaBF^-treatedRA sphaeroides RCs 
activated with 33-ps, 880-nm flashes are shown in Fig. 7. For reference, the absorption spectrum of Rb. 
sphaeroides is shown in Fig. 7 (A), with the identification of absorption bands with the various pigment 
molecules. The AA spectrum measured at -38 ps [Fig. 7 (B)] shows changes near 600, 800 and 870 nm 
but virtually none at 760 nm and only a small trough near 540 nm. This spectrum was interpreted as the 
sum of the respective components for the formation ofthe [P'^'B”] -state (the so-called P^-state), with the 
bleaching ofthe 803-nm band being -50% ofthat ofthe 870-nm band. With the NaBH 4 -treated reaction- 
center complex, it was thus possible to conclude that it is B^, and not Br, that participates in the primary 
charge separation. Fig. 7 (C) shows that at“0 ps” there is bleaching at at 545, 600, 760, 805 and 860 nm 
which could be assigned to the formation ofthe [P'^-B<I)A~]-state. Fig. 7 (D) shows the absorption differ- 
ence spectrum for the formation ofthe [P^'Ba'BOa]-Qa -state, characterized by the bleaching at 600 and 
860 nm and a blue shift of the 800-nm band. 

However, the relatively long duration ofthe excitation pulses and the consequent lack of a clear kinetic 
resolution of the [P'^-BA']-state allowed other interpretations. Molecular-orbital calculations by Parson, 
Scherz and Warshel*^ indicated that the energy level ofthe [P^'B^"] charge-transfer state is significantly 
above that of P and would therefore not be expected to be populated to any significant degree. In other 
words, even if the [P ’Ba 1 -state were formed, it would probably decay in a time much less than 3 ps and 
thus prevent a detectable population of Ba~. Nevertheless, even though a distinct [P^-BA~]-state might 
not be formed, a process known as “super-exchange” may be invoked, by which electron tunneling from 
P to BC>Amay be facilitated through a quantum-mechanical mixing ofthe [P^-Ba ]-statcwith the P*- 
and [P^ B^A-J-states (see R1-R3 for further discussion). 
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Fig. 7. Absorption (A) and absorption changes of NaBH«-treated Rb. sphaeroides R-26 reaction centers induced by 33-ps excita- 
tion pulses at 880 nm with the measuring pulse delayed by -38-ps (B), 0-ps (C) and 1.3-rts (D) relative to the center of the 
excitation pulse. “Qx" and “Qy" refer to dipole transition moments in the porphyrin rings. The angles 0“, 45“ and 90“ refer to the 
angle between the E-vectors of the measuring and excitation beams. See text for discussion. Figure source: Shuvalov and 
Duysens (1 986) Primary electron transfer reactions in modified reaction centers from Rhodopseudomonas sphaeroides Proc Nat 
Acad Sci, USA 83: 1692. 



III.B. Femtosecond-Spectroscopic Measurements 

Since it is known that the [P^BaBOaIQ, state is formed in ~3 ps, it is obvious that the electron- 
transfer time involving the prior carrier, the monomeric bacteriochlorophyll molecule (B^^), is most 
likely subpicosecond, thus ultrafast subpicosecond or femtosecond spectroscopy would be a more ap- 
propriate tool for examining ultra-rapid photosynthetic charge-separation reactions and determining the 
precise times of early events such as the participation of the monomeric bacteriochlorophyll molecule 
(B^) as an intermediary acceptor between P and Bd>. Preferably, the excitation wavelength should be 
chosen to selectively excite the primary electron donor in the physiologically relevant Qy-band, i-e., near 
860 nm in the case of Rb. sphaeroides. As the technique of femtosecond spectroscopy became available 
in the 1980s, it was actively applied to the study of the process of primary charge separation in bacterial 
reaction centers. 
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III.B.1. Earlier Results 

The earliest femtosecond kinetic measurements of photosynthetic materials were reported by Zinth, 
Nuss, Franz and Kaiser*^ and soon after by Martin, Breton, Hoff, Migus and Antonetti*^. Zinth et al. used 
1 50- fs flashes at 620 nm to excite predominantly the Qx band of the primary donor in a Rp. viridis RC 
preparation whose quinone had been pre-reduced, their results led them to tentatively propose the 
following reaction sequence, where the monomeric BChl is involved as an intermediate electron carrier: 

<0.l/;5 O.l S ps 

[P Ba-BOa] + [P* Ba BOa]-^[P^' - Ba-BOaI^ [P^ Ba •Ba>Al-^[P" BA BOAl 

where P'^^" represents a charge-separated state ofP, within the excited special-pair, formed within 150/^ 
of the flash. 

Martin etal}^ also used l50-fs laser pulses but at 850-nm to excite predominantly the Qy band of the 
primary electron donor of Rb. sphaeroides reaction centers. The kinetics were monitored at wavelengths 
specific to the various pigment molecules, e.g., 1240 nm for production of P870^, 545 nm for BO pho- 
toreduction, and an 805-nm absorbance decrease for BChl reduction as well as for the electrochromic 
shift of the BChl-absorption band in the 800 nm region (see Fig. 8). 

At the monitoring wavelength of 920 nm, there is an apparent absorbance decrease [Fig. 8 (A)] with a 

risetime of - lOOfs. Surprisingly, the amplitude ofthe apparent absorbance decrease was greater than the 

actual total absorbance of the sample at this wavelength. This suggested that the optical signal was 

actually not due (solely) to an absorbance change but rather to “stimulated emission” of the excited 
* ^ 
singlet state of P (i.e., P ), activated by the monitoring pulse. Curve fitting of the decay kinetics of P 

yielded a time constant of2.8±0.2 ps, which was attributed to a combination of fluorescence and the 

(P*->P') process. 

The formation of excited P was accompanied by a broad absorbance increase from below 600 nm to 
above 1250 nm within 150/^, as can be seen in Fig. 8 for all wavelengths examined (except 920 nm). 
Absorbance changes monitored at 1240 nm for P870 photooxidation [Fig. 8 (B)] show a l50-fs increase 
attributed to P formation followed by photooxidation of P870 in 2.8 ps. At 545 nm as well as at 760 nm 
(not shown), wavelengths which are specific for Bd>A, the changes include a very rapid absorbance 
increase for P formation within 150 fs, followed by an absorbance decrease with a risetime of 2.8 ps 
matching that for P870 photooxidation. Fig. 8 clearly shows that [P870 ’^-BOa~] formation takes place in 
2.8 ps, in parallel with the decay of P . 

The results ofMartin eta/.*’ thus provided no evidence for the monomeric BChl acting as an electron 
acceptor prior to BO. If such were the case, the kinetics of any absorbance change attributable to the 
monomeric BChl at 805 nm where Ba would be expected to absorb would show a fast rise between 150 
fs and ~2ps, i.e., in the interval of time between the appearance of the excited state of P and the reduction 
of BO Fig. 8 (D) shows biphasic kinetics for absorbance changes at 805 nm, with a 150-/s phase for P* 
formation and a subsequent absorbance decrease in 2.8 ps. The 2.S-ps absorbance decrease would sim- 
ply be consistent with an expected change at this wavelength as a part ofthe electrochromic shift ofthe 
800-nm band ofthe monomeric BChl molecules induced by the presence of [P^-BO“]. Thus, a clear 
spectral and/or kinetic resolution ofthe intermediary [P'^'BChl ] state could not be unambiguously dem- 
onstrated, and the question ofthe role ofthe monomeric BChl as a transient electron acceptor remained 
unsettled. The data obtained by Martin et al.^^ may be summarized in the following scheme for the early 
events occurring during photochemical charge separation in photosynthetic bacteria: 

SlSOyj 2.8 pi 200 pi 

[P Ba BcDa]-Qa + [P* Ba BcDa] Qa ] Qa ^ 
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Although all the absorbance changes shown in Fig. 8 were produced by directly activating the primary 
electron donor P870 with 850-nm pulses, Breton, Martin, Petrich, Migus and Antonetti'^ subsequently 
showed that activating BChl either at 790 and 810 nm, or BO at 760 nm, produced the same reaction 
times, namely, <100/v for P* formation and 2.8±0.2 for the formation ofthe [P*'BO“] state. Note also 
that the time of2.8±0.2 ps for the formation of the [P^-BO ] state was found in the reaction centers of 
both Rb. sphaeroides and Rp. viridis. Other workers have reported a time constant of ~4 ps, the discrep- 
ancy being attributed to differences in the sample 

While reaction times of 2.8 to ~4 ps for electron transfer from P* to BO were observed at 295 K, the 
transfer time was less, sometimes by a factor of nearly two, when the reaction was measured at cryo- 
genic temperatures, with a value of 1.2 ps being obtained at 8 On the other hand, when was pre- 
reduced, the electron transfer time to BO was found to be increased by -25% at all temperatures. 

1 

'''mon 

920 nm 1240 nm 545 nm 805 nm 



P-^ P’, < 150 fs 

Electrochromic shift 



Lifetime of excited P’, 
2.8±0.2 ps 



p■-»P^ 2.8±0.2 ps 



2.8±0.2 ps 



of BChl band 
2.8±0.2 ps 




Fig. 8. Kinetics of optical changes induced by 1 50-fs, 850-nm laser flashes (X,„) in Rb. sphaeroides reaction centers. Changes 
are monitored at several wavelengths (top row) specifically absorbed by various pigment molecules (Xmm)- Solid traces are for the 
measured absorbance changes and the dotted lines represent the best fit corresponding to a relaxation time of 2.8-ps. Figure 
source: Martin, Breton, Hoff, Migus and Antonetti (1986) Femtosecond spectroscopy of electron transfer in the reaction center of 
the photosynthetic bacterium Rhodopseudomonas sphaeroides R-26: Direct electron transfer from the dimeric bacteriochloro- 
phyll primary donor to the bacteriopheophytin acceptor with a time constant of 2. 8±0. 2 ps. Proc Nat Acad Sci, USA. 83: 958-960. 

A set of similar reaction kinetics was measured by Breton, Martin, Migus, Antonetti and Orszag^^ by 
exciting Rp. viridis reaction centers with 150-/5 pulses of appropriate wavelength. The major events 
occurring during the photochemical charge separation in Rp. viridis appear remarkably similar to those 
in Rb. sphaeroides, except the changes take place at the longer wavelengths characteristic of the ^-type 
(bacterio)chlorophyll pigments. The primary electron donor consists of a BChl ^-dirner with an absorp- 
tion maximum in the far-red at 960 nm, from which it derives the name “P960.” The intermediary 
electron acceptor is a BO b located on the L- (or A-) branch in the reaction center complex and hence is 
BO bf^. InRp. viridis. Qa and Qb are menaquinone and ubiquinone, respectively. 

InRp. viridis reaction centers an optical signal at 1050 nm, due to stimulated emission of the excited 
state of P960 (P960* or P*) comparable to the 920-nm emission of P870* in Rb. sphaeroides, was also 
observed. The times for formation and decay of P* in Rp. viridis were found to be identical to those in Rb. 
sphaeroides reaction centers, namely, less than 100 /5 and 2.8±0.2 ps, respectively. An electrochromic 
shift of the BChl b absorption band observed at 830 nm was induced by the presence of[P '-BO"] pro- 
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duced by 930-nm pulses absorbed by the primary donor. Reduction ofB<5 h/,^, monitored at 545 nm, was 
produced by exciting BChl b at 854 nm. A correlation of the electrochromic shift with BO reduction 
is seen in their identical times, namely, 2.8±0.2 ps. 

Electron transfer from BO 6^" to ~230 ps while extraction of an electron by P960'^ from the 

reduced cytochrome takes -270 ns. At low redox potential, when Q^is pre-reduced, the time for 
charge recombination in the [P960*-BO ft^’J-state is -15 ns. Rp. viridis also shows the g=1.82 EPR 
spectrum of QA"Fe^and an EPR doublet for the photochemically accumulated BO a" interacting with 
MO'Fe^A 

III.B.2. Recent Results 

The lack of well-resolved kinetic data in support of the formation of [P^'B^ -BOa] presented a di- 
lemma, since the monomeric BChl is in van der Waals contact with the primary donor, whereas BO is 
further removed at a distance of 17 A. Rudolf Marcus^^ examined the available kinetic data and reviewed 
two alternative mechanisms proposed for the reduction of the intermediate electron carrier, BChl. One 
was the super-exchange mechanism of electron transfer that implicates the existence of a virtually popu- 
lated [P'^-B^'j-state in the mediation of electron transfer between P and BO^ and the other a two-step 
electron transfer to BO that can be kinetically resolved by an intermediary [P*-BA‘]-state. In view of the 
lack of resolution of such a state in the data obtained by Martin and Breton**’*^, Marcus estimated that 
the putative [P'^-Ba”'BOa] state would have an upper lifetime limit of -1 ps. Of course, undertaking 
measurements of such a brief kinetic event in the neighborhood of a 3-ps event would demand substan- 
tially improved measuring techniques and procedures. With this in mind, Holzapfel et al. extended 
their femtosecond measurements to look for the intermediary [P'-B^'J-state. Their measurements en- 
tailed the use of short excitation pulses (60fs), appropriate wavelengths for selective excitation of the 
primary electron donor P, high time resolution (~l00fs), and sufficiently low excitation intensity to 
avoid double photon excitation and consequently nonlinear processes. As the results summarized below 
show, these measurements provided new evidence for the existence of a kinetically resolvable, though 
extremely transient, intermediary [P'^-Ba"-B<I»a] state. 

Kinetic measurements with a Rb. sphaeroides reaction-center preparation were reported by Holzapfel, 
Finkele, Kaiser, Oesterheldt, Scheer, Stilz and Zinth^\ with their results shown in Fig. 9. Following the 
experimental guidelines just discussed, a 60-/5 pulse at 860 nm was generated by a synchronously pumped 
ring dye laser. Single pulses of 20 pJ at 10-Hz repetition rate were obtained by a three-stage dye ampli- 
fier. Each of these pulses was then split into two pulses, one for excitation, and the other for monitoring. 
The excitation pulse had an energy density of <100 The monitoring pulse was sent through an 

adjustable delay line before being converted into a white-light continuum by being passed through 
ethylene glycol. A monitoring pulse of 10-20 nm bandwidth was then isolated by a monochromator with 
a monitoring pulse energy density of <7 pJ-cm ^^. It was estimated that -7% of the RCs were excited per 
pulse. Because of the small signal level, more than 1000 individual absorbance-change signals were 
accumulated and averaged by a sensitive detection system for each data point. 

Fig. 9 (A) shows for reference purposes again the absorption spectrum oiRb. sphaeroides with the 
regions of the various absorption bands appropriately identified as their origins in the different pigment 
molecules. Fig. 9 (B) shows the absorbance changes measured at room temperature as a function oftime 
at 920, 785 and 545 nm. A linear time scale was used for delay times (/r) up to 1 ps, and a logarithmic 
one for delay times greater than 1 ps. The profile of date points collected at 920 nm shows an instanta- 
neous decrease due to the depopulation of the ground state of the primary donor P plus a contribution 
from the induced emission of the excited states of the primary donor, P*. The decay of P* occurs with a 
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halftime of 3.5±0.4 ps. Note that the signal in Fig. 9 (B, a) is very similar to that previously reported by 
Martin and Breton^*’^^ who gave a similar interpretation [see Figs. 8 (A) above]. The portion of the 
dashed line through the data points after the flash in Fig. 9 (B, a) was calculated according to a kinetic 
model incorporating three decay times, Xi, and t 3 , of 3.5 ps, 220 ps and ~1 ns (effectively infinity), 
respectively. For delay times > 10 ps in Fig. 9 (B, a), there was a slight decrease in absorption, reflecting 
the slight change in absorption of P^upon oxidation of BO^'to give the -state. 




500 550 600 650 700 750 800 850 900 nm 




-101 10 100 1000 
to- ps 



Fig. 9. (A) Absorption spectrum of Rb. sphaeroides used as a reference to show the Q„ and Qy bands of the primary donor (P), 
BChl (B] and bacteriopheophytin [BO]; (B) Femtosecond absorption changes at 920 (a), 785 (b) and 545 nm (c) vs. the delay time 
of the monitoring pulse measured at room temperature, and (C) absorption changes at 920 (a) and 794 nm (b) measured at 25 K. 
Figure source; (A) see Fig. 7; (B) Holzapfel, Finkele, Kaiser, Oesterheldt, Scheer, Stilz and Zinth (1990) Initial electron transfer in 
the reaction center from Rhodobacter sphaeroides. Proc Nat Acad Sci, USA 87: 51 70; (C) Zinth and Kaiser (1 993) Time-resolved 
spectroscopy of the primary electron transfer in reaction centers of Rhodobacter sphaeroides and Rhodopseudomonas viridis. In: 
JR Norris and J Deisenhofer (eds) The Photosynthetic Reaction Center, Vol II, p 82. Acad Press. 
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At 785 nm, in a region in which both B and BC> absorb strongly [see Fig. 9 (A)], a nearly steady 
increase in absorbance was observed over the recorded time span [see Fig. 9 (B, b)]. The initial rapid 
absorbance increase to a distinct maximum at -200 fs is attributed to the strong absorption of the excited 
state P* of the primary donor. This is followed by a momentary decrease between 0.2 and 2 ps, with a 
decay time estimated to be 0.9±0.3 ps. This is followed by two more absorbance increases with risetimes 
of ~3.5 ps and 220 ps. Unlike the 920-nm AA which can be described adequately by a model incorporat- 
ing three time constants, the curve fitted to the response at 785 nm with the same basic model (dashed 
line) deviates significantly from the experimental data in the range of zero to 10 ps. However, the AA 
data at 785 nm can be fitted quite well if the model is augmented by a component with a characteristic 
time of 0.9 ps, as shown by the solid-line curve. 

At 545 nm, a rapid absorbance increase reflecting the formation of P* is observed at “zero” time, as 
shown in Fig. 9 (B, c). It is followed by a plateau between 0. 1 and 1 ps which reflects the contribution of 
the 0.9-ps kinetic component, and then a fairly rapid absorbance decrease between 1 and 10 ps which is 
attributed to tbe reduction of BO, The data at 545 nm can be fitted to a model with the same four time 
constants, of namely 0.9 ps, 3.5 ps, 220 ps and 1 ns. Omission of the 0.9-ps component results in an 
immediate decay of the absorption without a plateau, as shown by the dashed line. Beyond 10 ps, the 
absorbance increases again, as the electron is transferred from BO" to Q/^^. 

The photochemical charge separation in Rp. viridis was studied by Dressier, Umlauf, Schmidt, Hamm, 
Zinth, Buchanan and Michel^"^ by directly exciting the primary donor with femtosecond pulses at 955 
nm. In addition to the previously reported time constants of 3.5 and 200 ps, a subpicosecond time con- 
stant of 0.65±0.2 ps was also revealed in the spectral region belonging to the and Qy bands of the 
monomeric bacteriochlorophyll molecule. Except for the slightly smaller value ofthe decay time (0.65 
ps vs. 0.9 ps), the charge-separation and electron-flow sequences were interpreted the same way as for 
Rb. sphaeroides. 

Femtosecond kinetics of photochemical charge separation in photosynthetic bacteria at low tempera- 
tures (25 K) was studied by Lautwasser, Finkele, Scheer and Zinth^^ using sphaeroides RCs depleted 
of quinones. Fig. 9 (C, a) shows the initial formation of P* at 920 nm followed by a very rapid relaxation 
with aX] of 1 .4±0.3 ps. At 794 nm and 25 K, the absorption increases very rapidly to a maximum in about 
0.1 ps and then decays to a minimum at ps. This is followed by a slow rise and a plateau after ~5 
ps. The early rapid-decay component with a time constant of0.3±0. 1 5 ps appears to be the counterpart of 
the 0.9-ps component at room temperature. The data points in Fig. 9 (C, b) can be fitted by a model with 
three time constants, namely 0.3 ps, 1 .4ps and 1 ns. 

The experimental data described above may be summarized in terms of models incorporating either 
two time constants or three time constants, as illustrated in Fig. 10 (A) and (B) respectively. The states in 
the electron-transfer sequence are represented by I„, the respective time constant by x„. The scheme in 
Fig. 10 (A) describes electron transfers involving the three states, I|, I 2 and I 3 and characterized by the 
time constants Xj (=3.5 ps) and X 2(=220 ps), with the unresolved virtual intermediary state of [P^-B^"] 
not shown but assumed. The second model, shown in Fig. 10 (B), consists of four states and three decay 
processes with time constants, X| (=3.5 ps), X 2 (= 0 . 9 / 75 ) and X 3 (=220 p 5 ). Generally, it is expected that the 
shortest time constant would be that for the initial step, i.e., electron transfer from the primary donor to 
the next species in the sequence. However, the initial state 1 1 representing the excited state ofthe primary 
electron donor, P*, displays a simple exponential absorbance change with a time constant of 3.5±0.4 ps, 
which must be assigned to X) in either ofthe two models shown in Fig. 10 (A) and (B). Any intermediary 
state suggested by measurements at 785 and 545 nm can only be accounted for by the introduction of an 
additional electron-transfer step with the ultrashort time constant of 0.9 ps. Fig. 10 (C) shows the theo- 
retical development ofthe relative populations ofthe four states, I 1 -I 4 , in the model, obtained by analyz- 
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ing the time-resolved absorbance-change data. They show that the additional ultrafast kinetic compo- 
nent must occur after the 3.5-ps relaxation of P* and before the 220-ps process of reduction. This 
conclusion leads to an additional Ij state in the sequence, with the [P^-By\"-B<I>y\]-Qyi^-state being the most 
obvious candidate for it. The relatively slow-populating and fast-decaying state of B^” results in a rather 
small maximum transient population of only -16%. To summarize, in this 4-state model, when donor P 
is excited to P*, it transfers an electron to the monomeric BChl in 3.5 ps, where it resides for 0.9 ps before 
being transferred to BO, and then onto in 200 ps. 



(A) 



(B) 




(C) 




Fig. 10. (A) and (B) Two models for the electron-transfer sequence in bacterial reaction centers. (C) Population densities of 
various intermediary states as a function of time calculated according to the model shown in (B). See text for discussion. Figure 
source; (A) and (8) Holzapfel, Finkele, Kaiser, Oesterheldt, Scheer, Sfilz and Zinth (1989) Observation of a bacteriochlorophyll 
anion radical during the primary charge separation in reaction center. Chem Phys Lett 160: 5; (C) S Schmidt, T Arit, P Hamm, 
H Huber, T Nflggle, J WachtveitI, M Meyer, H Scheer and W Zinth (1994) Energetics of the primary electron transfer reaction 
revealed by ultrafast spectroscopy on modified bacterial reaction centers. Chem Phys Lett 223; 118. 
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Thus far we have discussed the purple bacteria, both sulfur and non-sulfur. The pigments of these two 
species of bacteria consist mainly of BChl a {e.g., Rb. sphaeroides) or BChl b {e.g., Rp. viridis). One 
other kind of photosynthetic bacteria, the green bacteria, contain instead large amounts of BChl c and 
only minor amounts of BChl a. In these bacteria, BChl c functions entirely as a light-harvesting pigment 
and is present in separate supramolecular structures called “chlorosomes” that are found attached to the 
inner cytoplasmic membrane, rather than embedded in the photosynthetic membrane itself. The BChl a, 
which is present in the cytoplasm, serves two functions: most of it either as peripheral antenna or core 
antenna and a very small fraction as reaction-center pigment. Besides BChl c, some species may also 
contain BChl d or BChl e as antenna pigments. BChl c was formerly called “Chlorobium chlorophyll- 
660” where the number refers to the wavelength of maximum absorption of the pigment in the red. BChl 
d was also formerly called “Chlorobium chlorophyll-650.” Readers may wish to consult a recent article 
by Smith^ on the occurrence, structure and nomenclature of these three chlorophylls. The present chap- 
ter will be devoted to the stmcture of these light-harvesting chlorosomes and the transfer of energy 
between them. The following chapter will discuss the photochemical and electron-transport properties 
of the reaction-center complex of green bacteria. 

The two families of green photosynthetic bacteria are the green sulfur bacteria and the filamentous 
green bacteria. The green sulfur bacteria are small unicellular anaerobes belonging to the genus 
Chlorobiaceae, of which the most widely studied species are Chlorobium limicola and Prosthecochloris 
aestuarii. Typically, the former has a diameter of~0. 5 pm and is 1 to2 pm long, v/hile Prosthecochloris 
aestuarii is usually slightly smaller and has an irregular star shape (Fig. 1, top left). These bacteria are 
found under highly reducing, low-light conditions and can utilize sulfur compounds as electron donors. 

The filamentous green bacteria belong to the genus Chloroflexaceae (Fig. 1, top right). The most 
thoroughly studied species of Chloroflexaceae is Chloroflexus aurantiacus. These filamentous cells 
range from 0.5 to 1.5 pm in diameter and may be from 8 to 30 pm in length. The filaments move by 
gliding and thus the species has acquired the name “gliding filamentous green bacteria.” Either hydro- 
gen or sulfide-containing compounds can serve as electron donors for their photoautotrophic growth. 
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The green sulfur bacteria and the filamentous green bacteria resemble each other in pigment composi- 
tion and in one particular aspect of their morphology; they both contain distinctive, supramolecular 
light-gathering chlorosomes. However, the two families of green bacteria contain quite different elec- 
tron carriers; one, the Chlorobiaceae, is of the so-called “quinone-type,” resembling the purple bacteria 
and green-plant photosystem II, while the other, the Chloroflexaceae, is of the “FeS-type,” resembling 
green-plant photosystem I. 

Whereas the photosynthetic reaction centers of green bacteria are localized in the cytoplasmic mem- 
brane, the light-gathering systems are mainly localized in individual oblong bodies called “chlorosomes” 
(see schematic cross-section in Fig. 1, bottom), whose size in the filamentous green bacterium, Cf. 
aurantiacus, e.g., is ~10 nm x30 nm xlOO nm, and somewhat larger in species of the Chlorobiaceae 
family. Chlorosomes contain all the BChl c (or the related pigments BChls d or e, depending on the 
species) and small amounts of BChl a and carotenoid. The BChl c molecules are present as pure mole- 
cular aggregates in the form of “rod elements,” rather than as the more usual pigment-protein com- 
plexes. 

Chlorosomes are appressed to the inner surface of the cytoplasmic membrane by means of an inter- 
vening “baseplate” (see Fig. 1, bottom). There are -100 chlorosomes in a cell, each chlorosome capable 
of funneling excitation energy to between 5 and 8 reaction centers. The large size and high light-gather- 
ing power of these supramolecular chlorosomes allow them to efficiently use low-intensity light, a capa- 
bility that apparently serves the survival strategy for green bacteria living in a low-light environment. In 
fact, the photosynthetic unit of green bacteria is the largest known among photosynthetic organisms. 

In Chlorobiaceae, an additional peripheral antenna complex in the form of a two-dimensional crystal- 
line array of water-soluble, trimeric BChl a-proteins is present at the “attachment site” between the 
baseplate and the cytoplasmic membrane (see Fig. 1, bottom left). 



Chlorobiaceae Chloroflexaceae 

Chlorobium sp. Prosthecochloris sp. Chloroflexus sp. 




Fig. 1. Cells of Chlorobium sp. and Prosthecochloris sp. belonging to the genus Chlorobiaceae, and Chloroflexus sp. belonging to 
the genus Chloroflexaceae. Chlorosomes are shown by schematic drawings in the lower part of the figure, with their component 
parts designated. Cell drawings are taken from SG Sprague and AR Varga (1986) Membrane architecture ofanoxygenic photo- 
synthetic bacteria. In; LA Staehelin and CJ Arnt 2 en (eds) Photosynthetic Membranes and Light-Harvesting Systems. Encycl of 
Plant Physiol, New Series, Vol 19, p 604. Springer. 
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I. Models for the Reaction Center-Antenna Complex of Green Bacteria 

We now look at a recent model for the structure of the antenna complex and its relationship to the 
reaction center in the cytoplasmic membrane, as shown in some detail in Fig. 2. The size of chlorosomes 
ranges from ~50 to 100 nm in width and -100 to 300 nm in length. The outer layer, or envelope, of the 
chlorosome is a galactolipid monolayer in which polypeptides of 18- and 1 1 -kDa molecular mass are 
embedded. Inside the lipid envelope are rodlike structures, the so-called “rod elements,” as previously 
noted, each of which is about 5-10 nm in diameter and run nearly the full length of the chlorosome. The 
rod elements were previously thought to contain BChl c-protein complexes, but recent studies have 
shown that the BChl c molecules are present simply as self-aggregated oligomers. 

The baseplate is about 5 nm thick and contains a particular BChl a-protein complex, namely B795 (see 
Fig. 4 below). Here “B” stand for the word “bulk,” as in Chapter 3 where reference is made to light- 
harvesting BChl-proteins, and the number refers to the wavelength of the major absorption bands of the 
complex in the far-red. The B795-complex serves as an intermediate for transfer of electronic excitation 
energy from the chlorosome to components in the cytoplasmic membrane. The core complex in the 
cytoplasmic membrane consists of small “core antenna” complexes, B806-866, and the reaction-center 
complex (P865 in Chloroflexaceae sp.). 

The overall pigment composition of chlorosomes varies depending on the species and also on the light 
intensity available under the growth conditions, but typically each chlorosome contains -10,000 BChl c 
molecules, -400 BChl a molecules and some carotenoids, most of the latter serving as the peripheral 
antenna in the baseplate and core antenna in the cytoplasmic membrane. Recent analysis by fluorescence 
induction led Schmidt and TrissP to the following estimate: BChl c/RC « 794 and B806-866/RC « 15. 



Chlorosome 




Fig. 2. Model for the chlorosome in Chloroflexus aurantiacus. Model adapted from Mimuro, Hirota, Nishimura, Moriyama, Yamazaki, 
Shimada, and Matsuura (1994) Molecular organization of bacteriochlorophylis in chlorosomes of the green photosynthetic bacte- 
ria Chloroflexus aurantiacus: Studies of fluorescence depolarization accompanied with the energy transfer process. Photosynthe- 
sis Res. 41; 190. 
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This model reflects the current view that the energy absorbed by BChl c in the rod elements is trans- 
ferred first to B795 in the baseplate, then to the B 806-866 in the core-antenna complex and finally to 
P865 in the Chloroflexus aurantiacus reaction center (or P840 in the Chlorobium or Prosthecochloris 
RC), as is in accord with the expectation that electronic energy transfer proceeds from shorter-wave- 
length absorbing molecules to longer- wavelength absorbing molecules. The following scheme summa- 
rizes the sequence of energy transfer: 

//V ->BChlc BChla(B795) BChl a (B806-866) P865 

II II 

Rod element Baseplate Core antenna Reaction 

I Chlorosome 1 center 

II. Organization of Bacteriochiorophyii-c Moiecuies in the Rod Eiements of 
Chlorosomes 

In a photosynthetic light-harvesting apparatus, the structural arrangement of the chromophores is gen- 
erally determined by pigment-protein interactions. In chlorosomes, however, BChl-c molecules appar- 
ently are not complexed with proteins, but instead self-aggregate to form oligomers (the rod elements) 
through direct pigment-pigment interactions. The quite geometrical arrangement of the BChl-c mole- 
cules and the large red shift in their absorption spectrum bring to mind the so-called “J” aggregate found 
in certain dyes. This in fact is the first known case of a photosynthetic antenna complex having the form 
of a pure, pigment-only aggregate. 

The suggestion that aggregated BChl-c molecules function as light-harvesting antenna^'^ in green 
bacteria has been supported by evidence from many sources: 

(1) Bacteriochlorophyll c extracted from green bacteria has indeed been found to form oligomers in 
nonpolar solvents with absorption and fluorescence spectra matching those of chlorosomes in vivo. 
A BChl-c oligomer was specifically suggested as a component in a model for a chlorosome. 

(2) It has been reported that protein-free, lipid-pigment extracts from chlorosomes can spontaneously 
reform chlorosome-like structures in an aqueous solution^. 

(3) Polar substances^ such as alcohol (e.g., hexanol) can at low concentration disrupt in vitro BChl-c 
oligomers by ligating the central Mg-atom. Similarly, the addition of 1% hexanol to a chlorosome 
suspension was found to convert the aggregated form of BChl c into the monomeric form^. Further 
more the hexanol effect can be reversed by a simple dilution ofthe suspension with a fresh, hexanol- 
free medium^’^. 

(4) Attempts to extract proteins from chlorosomes of Chloroflexus aurantiacus with the chaotropic 
agent lithium dodecyl sulfate have no apparent effect on the spectral properties of BChl c in situ^. 

(5) Resonance-Raman"’ ^^and FTIR^’^^ studies favor coordination ofthe BChl-c molecules to each 
other in the aggregate form, in vitro and in situ, the current consensus favoring the 5-coordinate 
mode in both cases'"^. 

The model for the chlorosome-reaction center complex shown in Fig. 2 is presented again in Fig. 3 (A) 
for reference as a framework for further discussion. The spatial organization of BChl-c molecules in 
chlorosomes has been studied by linear dichroism (LD) and fluorescence polarization'^’^^. More re- 
cently, “three-dimensional” LD studies*^ have yielded additional information on the organization of 
these pigment molecules. In the current model each rod element is in the form of a cylindrical micelle of 
BChl-c molecules, with the porphyrin rings forming an outer layer of parallel chains and the phytyl 
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chains directed inward toward the core, as shown in Fig. 3 (B). Several modes of coordination among the 
BChl-c molecules in the aggregate have been suggested, two of which are shown in Figs. 3 (D) and (E). 
Fig. 3 (D) shows an asymmetric, 6-coordinated model in which the Mg-atom of each BChl c is ligated on 
opposite sides by the 9-keto and the 2-hydroxy groups of adjacent molecules [see Fig. 3 (C) for the 
numbering system]. In the model shown in Fig. 3 (E) the BChl c molecules are arranged in antiparallel 
chains, with the Mg-atoms of BChl c molecules ligated only to hydroxyl groups on the opposite chain, 
and the molecules of BChl c in each chain linked by 2-hydroxy-to-9-keto hydrogen bonding. In either 
model, the hydrocarbon tails of the BChl-c molecules form a hydrophobic core, as shown in Eig. 3 (B). 
The role played by proteins in chlorosomes is as yet uncertain but it is possible that proteins may orient 
the “preformed” BChl-c oligomers to facilitate energy transfer. 



(A) 





F/g. 3. Arrangement of bacteriochlorophyll c in the rod elements of chlorosomes of Chloroflexus aurantiacus. (A) Chlorosome- 
reaction center complex; (B) Molecular arrangement of BChl c in the rod elements; (C) Molecular structure of BChl c; (D) and (E) 
show two different spatial organizations proposed for self-aggregation of BChl c. (B) from Matsuura, Hirota, Shimada and Mimuro 
(1993) Spectral forms and orientation of bacteriochlorophylls c and a in chlorosomes of the green photosynthetic bacterium 
Chloroflexus aurantiacus. Photochem Photobiol 57, 96; figures (D) and (E) from Mimuro, Nozawa, Tamai, Shimada. Yamazaki, 
Lin, Knox, Wittmershaus, Brune and Blankenship (1 989) Excitation energy flow in chlorosome antennas of green photosynthetic 
bacteria. J Phys Chem. 93: 7504, 
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III. Organization of Chlorophyll Molecules in the Reaction Center-Antenna Complex 

The major pigment in a chlorosome is BChl c and most of it is present in the rod elements as the BChl 
c-744 complex and the shorter-wavelength form BChl c-727 (Fig. 4). The transition dipole moments of 
the types of various BChl-c complexes are indicated by the arrows immediately above the representa- 
tions of each kind of pigment-complexs. The sequence of energy transfer among the various BChl c- 
complexes is indicated by the curved arrows between them. 

The transition dipole moment of BChl c-744 is nearly parallel to the axis of the rod element, while that 
of BChl c-727 is more random. The presence of the longer-wave length BChl c-complex, BChl c-766, 
has been suggested by the results of deconvolution of the linear-dichroism spectra as well as by more 
recent measurements of time-resolved fluorescence spectra of oriented chlorosomes. The orientation of 
the transition moment of BChl c-766, determined from its fluorescence maximum at 778 nm, is interme- 
diate between that of BChl c-744 and that of the baseplate BChl a-protein complex, B795. 

Iw 




Fig. 4. Structural model for the chlorosome-reaction center complex of filamentous green bacteria. BChl molecules in chlorosome 
and cytoplasmic membranes are represented by squares. Direction of the transition dipole moment of the lowest excited singlet 
state of the respective pigment complex or molecules is represented by a straight arrow. Curved arrows show direction of energy 
transfer. See text for other details. Figure source: same as Figure 2 in this chapter. 

Though only a minor component, the newly found BChl c-766 complex may actually serve a useful 
function in enhancing the energy-transfer efficiency because: (a) it significantly increases the spectral 
overlap integral between the fluorescence spectrum of the donor (BChl c-744) and the absorption spec- 
trum of the acceptor (BChl a in B795); and (b) the orientation of its transition moment in the rod ele- 
ment, being intermediate between that of BChl c-744 and that of the baseplate B795, would significantly 
facilitate energy transfer from the major BChl c-complex to the BChl a-complex in the baseplate. 

The BChl a-protein complex B806-866 present in the cytoplasmic membrane is the core antenna, and 
is analogous to the B800-850 antenna complex in purple bacteria. Also, the Q transition moment of 
BChl fl-806 is somewhat perpendicular to the membrane, thus facilitating efficient energy transfer from 
the similarly oriented BChl a-195 to B806. 
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IV. Pathway and Kinetics of Excitation Energy Transfer in Chlorosomes 

The pathway and kinetics of excitation-energy transfer in chlorosomes have been studied hy both 
steady-state and time-resolved spectroscopic techniques. Fig. 5 shows the absorption spectrum (solid 
curve) of whole cells compared to the fluorescence excitation spectrum (dotted curve) due to the long- 
est-wavelength antenna chlorophyll, BChl a-866, in situ. The figure also includes the fluorescence emis- 
sion spectmm (dashed curve) produced by selective excitation with 715-nm light. The major emission at 
883 nm arises from B866 in the core antenna, while the weak fluorescence bands appear at 750 and 805 
nm, arise from BChl c and B795, respectively. No fluorescence due to B806 is observed, most likely 
because of an extremely rapid transfer of energy from B806 to B866. These results clearly indicate that 
excitation energy captured by BChl c in the rod elements is transferred by way of B795 in the baseplate 
to B 806-866 in the core antenna and ultimately to the reaction center. 





Wavelength 

Fig. 5. Absorption (solid-line), the 900-nm fluorescence excitation (dotted-line) and fluorescence emission (dashed-line, excited at 
715 nm) spectra of whole cells of Cf. aurantiacus. Figure source; Blankenship, Brune and Wittmershaus (1988) Chlorosome 
antennas in green photosynthetic bacteria. In: SE Stevens, Jr and DA Bryant (eds) Light-Energy Transduction in Photosynthesis; 
Higher Plants and Bacterial Models, p 41 . The American Society of Plant Physiologists. 

Fig. 6. Time-resolved fluorescence spectra of Cf. aurantiacus excited at 715 nm. Numbers on right margin indicate time of 
observation relative to the arrival time of the peak of the excitation pulse in ps. Dashed-line spectrum in the bottom frame shows 
the absorption spectrum of intact cells. Figure source: Mimuro (1990) Studies on excitation energy flow in the photosynthetic 
pigment system; structure and energy transfer mechanism. Bot Mag, Tokyo. 103: 248. 

The flow of excitation energy in the pigment assembly can also be monitored by time-resolved fluo- 
rescence spectroscopy which reveals the development of the excited-state populations of the various 
pigment complexes, as shown in Fig. 6. For reference purposes, the absorption spectrum (dashed line) of 
the intact cells of Cf. aurantiacus is included in the bottom-most frame of Fig. 6. When Cf. aurantiacus 
chlorosomes are excited at 715 nm, a relatively strong fluorescence near 750 nm originating from BChl 
c is generated in < 3 ps, as shown in the -2A-ps frame. There is also a much weaker emission at 800 nm 
arising from B795 in the baseplate and another emission at 883 nm with intermediate intensity arising 
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from B806-866 in the core antenna. At 48.2 ps after the pulse, the major emission is now at 883 nm, 
indicating that a very rapid transfer of excitation energy to B866 has occurred. 

Estimation of the fluorescence lifetimes of the various pigment complexes shows that 97% of the total 
BChl c fluorescence decays in ~16 ps, indicating a rapid transfer of excitation from BChl c in a rod 
element to BChl a in the baseplate. However, the corresponding, expected fluorescence risetime of- 16 
ps at 805 nm arising from the baseplate component BChl a-795 has not been clearly resolved, the failure 
to resolve this risetime being attributed to arapid subsequent decay offluorescent B795 (emission at 805 
nm). The decay of the 805-nm fluorescence appears to consist of two kinetic components: 75% of the 
amplitude with a lifetime of 40 ps, and 25% decaying in 175 ps. The 40-ps decay time of the major 
component corresponds to the risetime of the B866 fluorescence at 883 nm, thus indicating energy 
transfer from BChl a-795 to the B866 portion of B806-866, presumably via B806. A significant spatial 
separation between the baseplate and the core antenna may be responsible for this relatively long trans- 
fer time, and thus making it the rate-limiting step along the energy-transfer chain. 

The remaining 25% of the 805-nm fluorescence decaying in 175 ps may represent B795 disconnected 
from B806-866 and therefore not involved in energy transfer to the reaction center. This agrees with the 
finding that in isolated chlorosomes of Cf. aurantiacus, where energy transfer from the baseplate to the 
reaction center is apparently blocked, its fluorescence lifetime is close to 175 ps. Another indication of 
heterogeneity in B795 is an apparent red shift of the 800-nm emission band to -810 nm with a time 
constant of -40 pi' (see Fig. 6), the same as that for the emission risetime ofB806-866. No fluorescence 
could be resolved in the 810-850 nm region where emission from B806 might be expected, suggesting 
that the transfer of energy from B806 to B866 within the core complex must also be extremely rapid. 

Time-resolved fluorescence spectra clearly indicate a linear cascade of excitation-energy transfer 
from BChl c in the chlorosome rods, through the BChl a-containing baseplate, to the core-antenna BChl 
a in the membrane, and finally to the reaction center. Overall excitation transfer efficiency from BChl c 
to the core antenna (B806-866) in Cf. aurantiacus cells has been reported to be 69±13% at 50 °C, but 
only -15% at 4 K. Excitation transfer from B806 to B866 within the core antenna is 100%. When the 
reaction center is closed, the 883-nm fluorescence decays less rapidly in -250 ps. 

The above spectro-kinetic data obtained by time-resolved fluorescence measurements may thus be 
summarized with a model for pigment organization and excitation-energy transfer in the reaction center- 
antenna complex of green bacteria as follows: 





Here the wavelengths and decay times of various emissions are indicated at the top and/or bottom ofthe 
emission components. Emission at 800-nm (75%) and emission at 810-nm (25%) are the two kinetic 
components ofthe 805-nm emission band discussed above. The emission at 823-nm (noted in parenthe- 
sis) represents an unresolved emission from the B806 portion ofthe core antenna. 
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V. The BChl a-Protein Complex (the “FMO protein”) in the Reaction Center-Antenna 
Complex 

In 1962, Olson and Romano'^ isolated and purified a water-soluble BChl a-protein from green bacte- 
ria. Soon afterwards, the crystalline form of the protein was also obtained’^. It was in fact the first 
photosynthetic pigment-protein to be crystallized. Chemical studies showed the BChl a-protein to have 
a molecular weight of 150 kDa and to contain 21 BChl a molecules. It has a major absorption band in the 
far-red at 809 nm, which is ascribed to the Qy transition of BChl a, and a corresponding fluorescence 
band at 818 nm. Its circular-dichroism spectrum in the far-red absorption-band region shows multiple 
components which can be interpreted in terms ofexciton interactions between the BChl a molecules^'*’ 
Fluorescence studies^^ of the BChl a-protein in situ indicate that it functions as an intermediate in exci- 
tation-energy transfer from BChl c in chlorosomes to the BChl-dimer reaction center, P840: 

hv ^ BChlc BChl a -> [BChl o] ^ BChl a -> P840 

Rod element Basejplate BChl i-protein Core Reaction 

1 Chlorosome 1 trimer array (FMO) antenna center 

The presence of two-dimensional, paracrystalline aggregates of a BChl a-protein between the 
chlorosome and the cytoplasmic membrane in Cb. limicola* (refer to Fig. 1) was first revealed by freeze- 
fracture electron microscopy by Olson, Jennings and Hanna^^. Detailed, three-dimensional structure of 
the BChl fl-protein was determined by Fenna, Mathews, Shaw and Olson^"^ in 1974 by X-ray crystallo- 
graphy at 2.8 A resolution (later refined to 1.9 A resolution^^). As noted, it was the first chlorophyll- 
protein crystal structure to be determined and has greatly helped not only in providing insights into the 
functional role of BChl a-protein as a light-harvesting complex but also in advancing our understanding 
of the principles of pigment proteins. As a tribute to Olson who first crystallized the protein and to Fenna 
and Mathews who contributed to the determination of its structure, this protein is now called the “FMO 
protein.” 

X-ray crystallography of the BChl a-protein crystals from a related species, Prosthecochloris aestuarii*, 
showed it to be a trimer of identical subunits [Fig. 7 (B)], each subunit containing seven BChl a mol- 
ecules [labeled 1-7 in Fig. 7 (C)]. All the BChls in the subunit are 5-coordinated, with histidine residues 
along the protein chain serving as ligands to the Mg-atoms in BChls 1, 3,4, 6 and 7, a carbonyl oxygen 
as a ligand to Mg in BChl 5, and a water molecule to Mg in BChl 2. Besides the ligation of polypeptide 
to the Mg-atoms, the anchoring of the BChl molecules to the protein is also effected by extensive H- 
bonding. The seven BChl molecules are wrapped by a large, extended p-sheet, which presumably pro- 
vides an efficient amphipathic layer which shields the hydrophobic BChls from the aqueous environ- 
ment. In addition, the seven phytyl tails [see the stereogram in Fig. 7 (D)] make extensive van der Waals 
contact with each other, resulting in the formation of an inner hydrophobic core in the center of the 
subunit. 

* A note is added here to clarify a confusion on the nomenclature and identity of the green bacterium that was used by John 
Olson to isolate the BChl-a protein^®. In 1961, Olson of Brookhaven National Laboratory received from Elena Kondratieva of 
Moscow State University a green bacterium called “Chloropseudomonas (Cp.) ethylica” which had been newly isolated in her 
laboratory^’. According to Olson’s account^*, however, the presence of two distinct cell types in their liquid cultures was noted. 
In 1973, Gray et alP also showed that Cp. ethylica cultured at Dartmouth also contained two organisms, one a green sulfur 
bacterium later identified as Chlorobium limicola, and the other a nonphotosynthetic, sulfate-reducing bacterium. In 1976, the 
Brookhaven culture of Cp. ethylica was found by Norbert Pfennig (communicated to JMO by letter; see ref. 28) to be a mix- 
ture of the green bacterium Prosthecochloris aestuarii and a colorless sulfur-reducing and acetate-oxidizing bacterium 
Desulfuromonas acetoxidans. It remains a mystery as to how the Brookhaven and the Dartmouth’^ cultures, both derived from 
Kondratieva’s original culture, gave rise to two different species of green bacteria. In any event, there is no doubt that either Cb. 
limicola or Pc. aestuarii must have been the source material for this BChl a-protein. 
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X-ray crystallographic analysis shows that the average center-to-center distance between adjacent 
BChl rings in the subunit is 1.2 nm [Fig. 7 (D)]. The planes of the porphyrin rings lie approximately 
parallel to each other, although the azimutal orientation of the Qy transition moments varies consider- 
ably. In the trimer, the three groups of seven BChls each combine to form a funnel-shaped array around 
a threefold axis on the surface of the cytoplasmic membrane, much like a radio-telescope dish [Fig. 7 
(B)]. This geometrical shape may possibly facilitate the collection of energy from antenna chlorophyll 
over a wide range of azimuthal angles and thus enable an efficient transfer of energy to the reaction 
center. 

It is worth noting that oligomers containing an odd number of subunits are uncommon in biological 
systems. Among the few known trimers, besides the BChl o-protein (the FMO protein), there are three 
others, namely, C-phycocyanin, B-phycoerythrin (see Chapter 14) and a green-plant, light-harvesting 
Chi a-protein complex, whose crystal structure has recently been determined (see Chapter 12). Interest- 
ingly, all these trimer proteins are photosynthetic, light-harvesting or electronic energy-transfer pig- 
ment-protein complexes. Presumably a configuration with a threefold symmetry can accept radiant en- 
ergy over a wider range of angles than can a monomer or dimer configuration. 




Fig. 7. Structure of the BChl a-protein trimer, the "FMO protein" from Chlorobiaceae; (A) The chlorosome model; (B) The BChl a- 
protein trimer containing three subunits of pigment proteins; (C) Detailed structure of each pigment-protein subunit; and (D) a 
stereogram of the seven BChl-a molecules in a subunit. Figure source: (B) and (D) BW Mathews, RE Fenna, MC Bolognesi, MF 
Schmid and JM Olson (1 979) Structure of bacteriochlorophyll a-protein from the green photosynthetic bacterium Prosthecochloris 
aestuarii. J Mol Biol. 131: 271, 276; (C) J Richardson (1985) Describing patterns of protein tertiary structure, in Methods in 
Enzymology. 115: 354, 
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Purple and green photosynthetic bacteria both possess cell membranes that are morphologically rather 
different. The morphologies of purple and green bacterial cells were shown previously in Fig. 1 of 
Chapter 2 and Fig. 1 of Chapter 8, respectively. The cell membrane of purple bacteria is highly invagi- 
nated forming an extensive intracytoplasmic membrane surface resembling a thylakoid-like system of 
lamellae in some species, and in other species a system of tube-like structures. Both the cell membrane 
and the system of intracellular membranes carry pigmented protein complexes that are active in light 
harvesting and photosynthetic electron transport. 

In green bacteria, there is no intracytoplasmic membrane; rather the cell membrane carries on its inner 
surface special light-harvesting pigment assemblies known as “chlorosomes” which project into the 
cytoplasm. Chlorosomes are an important feature common to both green sulfur bacteria (Chlorobiaceae) 
and filamentous green bacteria (Chloroflexaceae), as illustrated schematically in Fig. 1: 
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Fig. 1. Schematic representation of the photosynthetic apparatus of the purple and green bacteria consisting of the reaction- 
center and light-harvesting chlorosomes. 

I. The Green Sulfur Bacteria 

I.A. Preparation and Properties of Reaction-Center Compiexes of Green Suifur Bacteria 

In green sulfur bacteria the low ratio of reaction centers to the total amount of chlorophyll makes 
absorbance-change measurements difficult because of the high background of chlorophyll absorption. 
Also, the preparation ofa purified reaction-center core complex is more difficult for green sulfur bacte- 
ria than for purple bacteria. Nevertheless, enriched subcellular fractions were isolated from green sulfur 
bacteria in the 1970s first by Fowler, Nugent and Fuller' and later by Olson, Giddings and Shaw^. Both 
groups essentially separated the BChl a-containing RC-protein called “Complex I” from the BChl c- 
containing chlorosomes, but its BChl-a content was nearly as high as that in chromatophores of purple 
bacteria, i.e., ~80 BCh-a molecules per reaction center. Furthermore, the Complex-I preparation still 
retained the FMO proteins (see Fig. 1 and also Chapter 8, Fig. 1). However, the latter could be removed 
from Complex I by treatment with a chaotropic agent. 

In 1979, Swarthoffand Amesz^ used a vesicle preparation similar to Complex I as the starting material 
and obtained, either through Triton fractionation or sucrose density-gradient centrifugation, complexes 
with a lower BChl-a content, namely of 75 and 35 per reaction center, respectively. The former was 
designated as the “PP” complex [for photosystem pigment] complex and the latter as the “RCPP” [for 
reaction center pigment protein]. Fig. 2 shows the absorption spectra recorded at 4 K for cells of the 
green bacterium Prosthecochloris (Pc.) aestuarii, the PP complex (75 BChl a/RC) and the RCPP com- 
plex (35 BChl a/RC). The dominant absorption at 753 nm in Pc. aestuarii cells is mostly from BChl c. 
The two complexes on the other hand contain little BChl c, the major absorbance in the 800-840 nm 
region belonging to BChl a. Both the PP and the RCPP pigment-protein complexes are photochemically 
active [see some of the spectroscopic characterizations in Fig. 4]. 

In 1987, Vasmel, Swarthoff, Kramer and Amesz"' attempted to prepare a more enriched “RC core” by 
treating the RCPP-complex with lithium dodecyl sulfate to remove the FMO-protein. Although the 
FMO-protein was extracted, the resulting RC core was photochemically inactive. 
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Fig. 2. Comparison of the absorption spectra at 4 K of intact cells of Pc. aestuarii and two reaction-center complexes isolated from 
it. Figure source: Amesz (1981) The photosynthetic reaction center. In: H Ellenberg et al. (eds) Progress in Botany, Vol 43, p 58. 

In 1992, Feiler, Nitschke and Michel^, using lauryl maltoside to solubilize the BChl c-depleted 
Chlorobium membranes, prepared a reaction-center complex by ion exchange and molecular sieve chro- 
matography. Their complex had a well-characterized complement of electron carriers, including a mem- 
brane-bound cytochrome c553. It contained 40 BChl a per RC, as assayed photometrically by P840 
photooxidation, and the membrane-bound iron-sulfur centers FeS-A and FeS-B, as assayed by EPR 
spectroscopy. The spectra ofthe various electron carriers as well as the low-temperature photochemistry 
of the complex were found to be the same as in intact membranes. In the meantime, several other groups 
also isolated RC-complexes from Chlorobium (Cb.) vibrioforme^, Cb. limicola, and Cb. tepidum^. 

Recently, Francke, Permentier, Franken, Neerken and Amesz^ made a comprehensive review of the 
various RC complexes of green bacteria known to date. They also reported a new and rapid preparative 
procedure that employs incubation of broken cells of Pc. aestuarii with Triton X-100, sucrose density- 
gradient centrifugation and separation by hydroxyapatite chromatography. Three different pigment-pro- 
tein complexes were obtained: one containing ~3 FMO-proteins per reaction-center core (abbreviated as 
“3-FMO/RC-core”), one containing one FMO-protein per reaction-center core (abbreviated as “1 -FMO/ 
RC-core”), and the reaction-center core devoid of FMO-protein altogether. The absorption spectra taken 
at 6 K, the photochemical properties and the composition ofthe three complexes are summarized in Fig. 
3. Based on the resemblance between the first two absorption spectra and those shown in Fig. 2 above, 
the 3-FMO/RC-core and the 1-FMO/RC-core fractions were considered to be virtually the same as the 
PP and RCPP complexes. The relative amplitudes of the BChl absorption bands in the 550-850 nm 
region reflect the ratio ofthe RC content to the total BChl a, including FMO. Two ofthe BChl-a mole- 
cules can be assigned to the dimeric primary donor P840. The A(810)/A(835) ratio shown in the first row 
of the table has been shown to be a useful indicator for the presence and concentration of the FMO- 
protein. The spectrum of the RC core, devoid of the FMO-protein, still has a strong absorption band at 
835 nm. The 680-nm band belongs to a Chl-a isomer, which has subsequently been found to belong to 
the primary electron acceptor in Pc. aestuarii [see discussion below]. 

The molecular masses ofthe 3-FMO/RC-core, the 1-FMO/RC-core, and the RC core are 600, 330-350 
and 150-250 kDa, respectively. All three complexes contain the 65-kDa RC protein (pscA) and the iron- 
sulfur protein FeS-A/B (pscB). Only the RC core complex lacks the 42-kDa FMO protein. All three 
complexes are photochemically active at both room and cryogenic temperatures. The photochemical 
activity ofthe primary electron donor P840 can be estimated by comparing the light-induced absorbance 
changes at 840 nm to the absorbance at 810 nm as shown in Fig. 3. 
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Attempts to prepare pure reaction-center complexes from green sulfur bacteria have proven quite 
difficult in the past, and usually resulted in severely diminishing the photochemical activity ofthe prepa- 
ration. However, the new preparative procedure of Francke et al^ has yielded RC-complexes that are 
photochemically active and reasonably pure. They resemble the core complex ofphotosystem I, but only 
have 16 BChls a and 4 molecules ofthe Chl-a isomer, as subsequently determined by Griesbeck, Hager- 
Braun, Rogl and Hauska’® for the P840-reaction center from Chlorobium tepidum. 



(A) (B) 
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Fig. 3. Top row: absorption spectra of the 3-FMO/RC-core (A), 1-FMO/RC-core (B) and RC-core (C) complexes. The table lists 
various spectroscopic properties, chemical compositions, and photochemical activities. Spectra and data from Francke, Permentier, 
Franken, Neerken and Amesz (1997) Isolation and properties of photochemically active reaction center complexes from the green 
sulfur bacterium Prosthecochloris aestuarii. Biochemistry 36: 14169. 



I. B. Primary Photochemical Reactions Oxidation of the Primary Electron Donor P840 

An early study of the primary photochemical reaction in the green bacterium Pc. aestuarii used “com- 
plex I” and the PP and RCPP complexes as described above. Fig. 4 (A) shows the absorbance changes in 
complex I induced by 5-^ illumination (open symbols and solid line) and in the PP-complex (solid 
symbols and dashed line). The absorbance decreases at 840- and 610-nm in Complex I are produced by 
photooxidation of the primary donor P840. The same absorbance changes can also be produced by 
chemical oxidation. Formation of P840'^ is also associated with the appearance of an absorption band at 
1157 nm (not shown). The absorbance decreases at 553, 523 and 420 nm represent the oxidation of 
cytochrome c553. In the visible region an electrochromic shift (a negative AA at 660 nm and a positive 
AA at 678 nm) is associated with the absorption band ofthe “BChl-663,” a Chl-a isomer (see below); its 
kinetics were identical to that for P840 photooxidation and re -reduction. From the amplitude of the 
difference spectrum at selected wavelengths it was estimated that per 80 BChl-a molecules one reaction 
center and three cytochromes underwent photochemical change in Complex I. 

The dashed spectrum with solid symbols in Fig. 4 (A) represents absorption changes induced by l-i’ 
illumination of a PP complex containing 75 BChl a per RC. The AA spectrum at wavelengths above 700 
nm (not shown) is identical to that of Complex I. Changes at wavelengths below 700 nm are also similar, 
the difference being that the oxidation of only one cytochrome per reaction center is indicated. 
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Fig. 4. Light-induced absorbance changes: (A) open symbols/solid line for "Complex I”; solid symbols/dashed line for the PP 
(ghotosystem-Bigment) compiex; normalized to equal absorbance at 810 nm. (B) both traces for the “RCPP" (reaction center 
gigment grotein) complex, but on different AA scales. See text for discussion. Figures from Swarthoff and Amesz (1979) Photo- 
chemically active pigment-protein complexes from the green photosynthetic bacterium Prosthecochloris aestuarii. Biochim Biophys 
Acta. 548: p. 430. 431. 

Fig. 4 (B) shows the absorbance change elicited by short flashes in the “RCPP complex.” On an equal 
bacteriochlorophyll basis, changes produced by the RCPP complex are 2.3 times larger than those pro- 
duced by the PP complex, indicating that the reaction-center concentration in RCPP is 2.3 times greater 
than that in the PP complex, i.e., in the RCPP complex there are ~35 BChl-a molecules per RC. In the 
RCPP complex, as in the PP complex, only one cytochrome c553 was oxidized per RC. The EPR signal 
of the reaction-center P840'^ indicates that it is a dimer of BChl a. Direct titration of the optical absor- 
bance change of P840 yielded a redox potential of 0.25 V for the P840 VP840 couple. Note that this 
redox-potential value is ~0. 15 V lower than any of the primary donors in purple bacteria or photosystem 
I. 

At temperatures sufficiently low that the cytochromes are unable to transfer electrons rapidly to the 
photooxidized P840*, the oxidized primary donor recombines with the reduced electron acceptor I~ to 
produce the spin-polarized triplet state through the radical-pair mechanism: 

Cyt c II [P840^-r] ^ Cyt c II ['^P840-I] 
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Another condition for producing the spin-polarized ^P840 occurs when the transfer of electron from r to 
the secondary electron acceptor (X) is blocked, and there is recombination of Pwith P840^: 

[P840"-r] II X ^ [^P840-l] II X 

Formation of triplet state has been observed in the RCPP complex, apparently because the extensive 
procedure for preparing this complex may have led to some damage of the electron-transfer chain con- 
taining the secondary acceptors. At room temperature, the lifetime of the radical pair is 20-35 ns, while 
the decay time of ^P840 is ~90 fjs. 



I. C. Electron Acceptors of Green Sulfur Bacteria Iron-Sulfur Proteins 



Evidence for the presence of iron-sulfur proteins in green sulfur bacteria was first reported by Swarthoff, 
Gast, Hoff and Amesz". They illuminated the PP-complex pre-reduced by dithionite and observed the 
photochemical accumulation of a species with an absorbance difference spectrum lying in the 400-475 
nm region and an EPR spectrum with g-values at 1.89 and 1.94, both signals characteristic of a reduced 
EeS protein. The results of this and other investigations suggest that the EeS protein is a likely candidate 
for the role of an electron acceptor in green sulfur bacteria. The presence of EeS-protein acceptors and 
the fact thatNAD'^ can be photoreduced directly without ATP or reverse electron flow make the photo- 
synthetic system of green bacteria different from that ofthe purple bacteria but similar to photosystem I 
of green plants. 

Surprisingly, under even more strongly reducing conditions, e.g., by freezing the PP-complex contain- 
ing dithionite under strong illumination, subsequent illumination can still produce charge separation, 
and, through recombination, form the spin-polarized ^P840. This result suggests that there exists an even 
earlier electron acceptor, possibly similar to the intermediary electron acceptor in purple bacteria that is 
located before the EeS-proteins. EPR investigations by Nitschke, Eeiler and Rutherford*^ have in fact 
revealed that green sulfur bacteria contain three photoreducible iron-sulfur proteins very similar to those 
in photosystem I. 

When a membrane preparation from the green sulfur bacterium Chlorobium poised at -420 mV and 
then frozen in the dark, is illuminated, EPR spectra of EeS-proteins with progressively more negative 
redox potential appear, depending on the temperature and time of illumination. This picture closely 
resembles that of photosystem I (see Chapter 29), except EeS-B is reduced before EeS-A in green sulfur 
bacteria. Both EeS-A and EeS-B appear to have redox potentials -150 mV more negative than the corre- 
sponding EeSs in photosystem I, as dithionite at pH 11 was found insufficient to completely reduce 
either EeS-A or EeS-B in green sulfur bacteria. 

In 1995, Kusumoto, Inoue, Nasu and Sakurai*^ examined the flash-induced absorbance changes in a 
purified RC preparation isolated from the green bacterium Cb. tepidum. Elash excitation of the photo- 
chemically active RC complex would be expected to initiate charge separation with eventual formation 
ofthe reduced terminal electron acceptor [FeS-A/B]' and the oxidized terminal donor Cytc55/\ i.e., 



hv 

Cyt c-P840 Ao A, FeS-X FeS-A/B^Cyt c P840* An~ A| FeS-X FeS-A/B ^ 

I Cyt cl P840 Ao A|'FeS-X |[FeS-A/B]- 



Under normal circumstances, the reduced terminal electron acceptor [FeS-A/B] and the oxidized termi- 
nal electron donor Cyt c55 7'*^ recombine in -400 ms. However, through appropriate chemical interven- 
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tion, [FeS-A/B]~and Cyt c55 1 ^ will be restored to their original redox states at different rates allowing 
their difference spectra to be isolated. The difference spectrum kinetically isolated for [FeS-A/B]' closely 
resembles that of P430 of PS I, in profile, location and extinction coefficient. Kusumoto et alP named 
this P430 analogue “C-P430,” where “C” specifies the Chlorobium origin. The interesting and important 
aspect ofC-P430 is that its optical spectrum is the counterpart of the EPR spectrum of the iron-sulfur 
proteins FeS-A/B. The resemblance between C-P430 and P430 enhances the notion that these optical 
and EPR spectra are both due to FeS-A/B protein(s) in both green sulfur bacteria and photosystem I. We 
will discuss C-P430 in more detail later in Chapter 30 on the correlation between P430 and the mem- 
brane-bound iron-sulfur protein(s). 



I.D. The Primary Electron Acceptor of Green Sulfur Bacteria 

Evidence for the presence in green sulfur bacteria ofquinone-type acceptors comparable to Aj (phyllo- 
quinone) as well as Aq of PS I was first reported by Nitschke, Feiler, Lockau and Hauska'"^. Using 
dithionite in the dark at a high pH, these workers reduced a reaction-center preparation isolated from Cb. 
limicola and found an EPR signal with g-values of 1.91 and 1.88, suggesting that an FeS-protein had 
been chemically reduced. Interestingly, after subsequent illumination of the pre -reduced sample at 196 
K two new EPR signals could be distinguished in the g=2 region. One signal at g=2.0045 was attributed 
to a species corresponding to the electron acceptor A, of photosystem I and the other, at g=2.0033, to Aq. 
With the available date, it is possible that Ai in green bacteria is a menaquinone or a derivative of it. The 
properties of Aq and its reactions will be discussed below. 

For a clear picture of electron transfer among the acceptors in a photosynthetic system it is imperative 
to measure the kinetics of rapid absorbance changes so that the various acceptors may be characterized. 
Using pi'-laser flashes at 532 nm produced by frequency doubling of the 1064-nm pulses generated by a 
Nd-YAG-laser, Nuijs, Vasmel, Joppe, Duysens and Amesz'^ carried out the first picosecond studies of 
green sulfur bacteria. Since this wavelength coincides with absorption by carotenoid, excitation un- 
avoidably results in the activation of antenna pigment molecules and thus complicates interpretation. 
With Complex I from Pc. aestuarii kept in the oxidized state by FeCy and weak background light, 
excitation with 532-nm pulses produced various absorbance changes due to excited singlet and excited 
triplet states of both antenna BChl a and carotenoids, as well as bleaching of the BChl a-protein com- 
plex. However, as expected, no absorbance change was observed at 840 nm which could be attributed to 
the formation of P840^, since P840 was already chemically pre-oxidized. 

When Complex I was kept in a “moderately” reduced state, i.e., with the reaction center open, and 
excited with 35-ps, 532-nm laser pulses, absorbance changes due to the formation and decay of various 
transient excited states of the antenna pigments as well as due to charge separation were observed. Fig. 
5 (A) shows multiphasic changes at 815 nm, consisting of a 70 pi'-decay phase due to the transient 
excited singlet state BChl a* and a much slower decay phase, probably belonging to ^BChl a. Fig. 5 (B) 
shows a rapid decay of an absorbance change at 560 nm, which is most likely due to the excited singlet 
state of a carotenoid. It decayed within the excitation pulse profile and was estimated to be ~1 ps. In Fig. 
5 (C) [note the different time scale], part of the very rapid bleaching at 840-nm also belongs to BChl a*, 
as its /,^is the same as that at 815 nm. In addition, there is a bleach component which shows no appre- 
ciable decay over the 4-ns time scale of the experiment. The kinetics of this component are consistent 
with the expected rates for re -reduction ofP840^; the amplitude ofthe absorbance change (-2x10“^) also 
agrees with that shown in Fig. 4 (B) above. In Fig. 5 (D), there is a small transient increase in A at 670 nm 
belonging to the excited singlet state of carotenoid. The major part ofthe decrease in A, which decays in 
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~550ps and is not seen in the “closed” reaction center where P840 is already pre-oxidized chemically, is 
attributed to the re-oxidation of the intermediary electron acceptor, /.e., P -> I; 

<35 ps -550 ps 

[P8401]-Q FeS + //v -> [P840* l] Q FeS [P840"-r] Q FeS -> [P840^-I] Q^ FeS 



By analogy to the BO-o intermediary electron acceptor in purple bacteria, the absorbance change seen at 
670 nm in Fig. 5 (D) was tentatively assigned to a BO c molecule. 

The assignment of the 670-nm change to a BO-c molecule, however, soon came into question when 
Braumann, Vasmel, Grimme and Amesz*® reported pigment analysis of various photochemically active 
complexes from the green sulfur bacterium Pc. aestuarii by reverse-phase, high-performance chroma- 
tography. They found that Complex I contained BChl a as the major pigment, but also an appreciable 
amount of BChl c and BO c. On the other hand, virtually no BChl c or BO c was found in the purified PP- 
and RCPP-complexes, and, therefore, as the PP- and RCPP-complexes are photochemically active, the 
role of BO c as primary electron acceptor had to be ruled out. It was deemed that the BChl c that was 
found in Complex I was most likely a contaminant originating from the chlorosomes and that BO c was 
probably only a degradation product of this BChl c formed during sample preparation. However, in all 
three complexes examined, there was always a “BChl c-like” pigment, with an absorption maximum at 
663 nm. This pigment is highly lipophilic and is esterified with phytol instead ofthe usual farnesol found 
in other bacteriochlorophylls. Braumann etal.^^ designated the pigment as “BChl 663,” with the number 
representing the wavelength of an absorption maximum in solution. It was also found that relative to 
Complex I, BChl 663 is greater by about twofold in the RCPP-complex on a per RC basis. Based on its 
absorption spectrum and reaction kinetics, BChl 663 was considered most likely to be responsible for the 
670-nm absorbance change and that it functions as the primary electron acceptor Aq in Pc. aestuarii. 




0 200 400 600 800 ps 




Fig. 5. Kinetics of absorbance changes in Complex I of Pc. aestuarii at various wavelengths induced by 532-nm pulses of 16-ps 
duration. See text for details. Figure source: Nuijs, Vasmel, Joppe, Duysens and Amesz (19B5) Excited states and primary charge 
separation in the pigment system of the green photosynthetic bacterium Prosthecochloris aestuarii as studied by pico- second 
absorbance difference spectroscopy. Biochim Biophys Acta 807:30. 
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The kinetics of the absorbance changes shown in Fig. 5 were reexamined by Shuvalov, Amesz and 
Duysens*^, using 33-ps pulses but at 850-nm instead of at 532 nm for excitation. Since the 850-nm pulse 
excites the reaction-center P840 selectively, extraneous absorbance changes from the excited states of 
antenna pigments are avoided. Absorbance changes produced in Complex I in either of two redox states, 
namely, one containing 20 mM FeCy plus a weak background light to produce the “closed” reaction 
centers (P840") and the other with “open” reaction centers, are shown in Fig. 6 (A) and (B), respectively. 
The overall dominant absorbance increase between 570 and 690 nm in closed reaction centers at the 
moment of excitation [Fig. 6 (A), solid line] was attributed to the excited singlet state of BChl a. This 
increase largely decayed in 350 ps [Fig. 6 (A), dotted line]. Furthermore, there is no decrease in absor- 
bance at 670 nm that would be expected if the primary electron acceptor had been photoreduced. On the 
other hand, with the open reaction centers, the absorbance change is quite different [see Fig. 6 (B)]. 
There is now a clearly negative A A at both 615 and 670 nm, the former belonging to the Qy transition of 
the primary donor P840 and the latter to the primary electron acceptor (BChl 663). The decay time /y, for 
the absorbance change at 670 nm was estimated to be 700 ps, which would be the time for electron 
transfer from r (BChl 663 ) to the secondary electron acceptor. A), a quinone. The time for charge 
separation was estimated to be <10 ps. At 20 K, the decay time of the 670-nm absorbance change was 
found by van Kan^^ to be reduced by more than half to 300 ps. This is very similar to the temperature 
dependence found for BO a in purple bacteria (see Chapter 7). 

The light-induced absorbance changes in Complex I in the near-infrared region (not shown here) are 
in accord with those in the visible region. In the closed reaction center only the excited states of caro- 
tenoid and antenna bacteriochlorophylls are formed, with a bleaching at 8 15 nm, while the open reaction 
centers produce a negative AA at 840 nm due to P840*formation. 




600 650 700 nm 

Fig. 6. Absorbance changes induced by 33-ps, 850-nm laser pulses in Complex 1 obtained from membranes of the green sulfur 
bacterium Pc. aestuarii. (A) Membrane with "closed" RCs (sample containing FeCy and under background illumination); (B) 
membrane with “open" RCs (sample containing Asc and PMS). Solid-line traces represent absorbance changes observed at the 
time the excitation flash was applied, and the dotted-line traces are for changes observed at 350 ps after the flash. Figure source: 
Shuvalov, Amesz and Duysens (1986) Picosecond spectroscopy of isolated membranes of the photosynthetic green sulfur bac- 
terium Prosthecochloris aestuarii upon seiective excitation of the primary eiectron donor. Biochim Biophys Acta. 851 : 2, 3. 
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Subsequently van de Meent, Kobayashi, Erkelens, van Veelen, Otte, Inoue, Watanabe and Amesz^^ 
used optical, NMR and mass spectroscopy to examine the chemical structure of this always-present 
“BChl 663” in five different species of green sulfur bacteria. It was found that the optical absorption 
spectrum of BChl 663 was strikingly similar to that of Chi a, and also that the molecular masses of BChl 
663 and Chi a were the same. Circular-dichroism spectra indicated that the stereochemical configuration 
of BChl 663 was the same as that of Chi a from green plants and the esterifying alcohol was again 
confirmed to be phytol. It was thus established that BChl 663 was an isomer of Chi a. 

A similar conclusion was reached by Feiler, Albouy, Pourcet, Mattioli, Lutz and Roberts^” from reso- 
nance-Raman studies of active reaction-center complexes of Chlorobium. They further showed a simi- 
larity in the binding of this Chl-a isomer in green-bacterial reaction centers to that of the Chl-type 
acceptor molecules in other bacteria and green-plant reaction centers. Finally, one may note that the 
identification of BChl 663 as an isomer of Chi a has placed more emphasis on the similarities between 
the reaction centers of green sulfur bacteria and the green-plant photosystem I, where the primary elec- 
tron acceptor is Chi a, and the recently discovered heliobacteria, where the primary electron acceptor is 
an 8'-hydroxy-Chl a. 

II. The Green Filamentous Bacteria 

As seen in Fig. 1, the green sulfur bacteria (Chlorobiaceae) and green filamentous bacteria 
(Chloroflexaceae) share a similar morphology in their both having light-harvesting chlorosomes, with 
the one difference being that the former also contain an additional sub-antenna of para-crystalline BChl 
fl-protein, the FMO protein. Of greater significance, however, is that the two green bacteria have basi- 
cally a different set of electron carriers. The electron-transport chain of the reaction center of green 
sulfur bacteria (as well as the heliobacteria, which will be discussed briefly below) resembles that of 
green-plant photosystem I. On the other hand, the reaction center of green filamentous bacteria consists 
of a bacteriopheophytin as the primary electron acceptor and quinones as secondary acceptors, very 
similar to the case of purple bacteria and green-plant photosystem II. The primary electron donor in 
green filamentous bacteria, P865, is a dimer ofbacteriochlorophyll a ([BChl cr]^), with maximum absor- 
bance in the far red at 865 nm. 

II. A. Preparation and Properties of Reaction-Center Complexes of Green Filamentous 
Bacteria 

While reaction-center preparations from green sulfur bacteria still contain some BChl a antenna pig- 
ment molecules, a RC preparation completely devoid of antenna pigments is expected to be readily 
obtainable from the green filamentous bacteria, since the latter are similar to the purple bacteria. Indeed, 
a photochemically active RC complex completely free of light-harvesting pigments was prepared from 
the green filamentous bacterium Cf. aurantiacus by Pierson and Thornber^' in 1983, less than a decade 
after the bacterium was discovered by Pierson and Castenholz^^. A high degree of similarity between the 
reaction centers of the purple bacterium Rb. sphaeroides strain R-26 and Cf. aurantiacus can be seen 
when their room-temperature absorption spectra are viewed superimposed after being normalized at 865 
nm, as shown in Fig. 7. Absorption bands of the two reaction centers show good agreement in the 
865-, 812- and 603-nm bands belonging to BChl a, the 756- and 532-nm bands belonging to BOaand in 
the blue and ultraviolet absorption bands belonging to both of these two species. The absorption spec- 
trum of Cf. aurantiacus shows an additional low-level absorption in the 400-500 nm region. In some of 
the absorption bands there are only minor differences in amplitude. 
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Wavelength, nm 

Fig. 7. Absorption spectra of purified reaction centers from Chloroflexus aurantiacus and Rb. sphaeroides. The two spectra are 
normalized at 865 nm. Figure source: Blankenship, Feick, Bruce, Kirmaier, Molten and Fuller (1983) Primary photochemistry in 
the facultative green photosynthetic bacterium Chloroflexus aurantiacus. J Cellular Biochem. 22: 53. 

The reaction center of the purple bacterium Rb. sphaeroides is known to contain 4 BChl a and 2 BO a 
molecules, while analysis of the Cf. aurantiacus RC reveals that it contains 3 BChl a and 3 BO a mol- 
ecules. This difference in pigment composition is clearly reflected in the amplitudes of certain absorp- 
tion bands in Fig. 7. The lower BChl-a content and the extra BO-tJ molecule in a Cf. aurantiacus RC are 
reflected, respectively, in the 815-nm band being lower and the QJQy bands of BO a at 535- and 735-nm 
being higher than the corresponding bands of Rb. sphaeroides reaction centers. As two BChl-a mol- 
ecules are accounted for by the primary-donor dimer, P865, in Cf aurantiacus, the remaining BChl a 
molecule would by itself account for the 815-nm band. In the Rb. sphaeroides RC, two BChl-a mol- 
ecules are assigned to the primary-donor dimer P865 and thus, as expected, the 804-nm band represent- 
ing the remaining two molecules of BChl a is indeed ~2 times greater than the 815-nm band in Cf 
aurantiacus. The purified RC of Cf. aurantiacus contains about one carotenoids but no c-type cyto- 
chromes. Green filamentous bacteria have a relatively small reaction center, consisting of only two 
polypeptide subunits of 35 kDa molecular weight*^^, whereas the reaction center of purple bacteria has 
three polypeptide subunits. 



II.B. Primary Photochemical Reactions Oxidation of the Primary Electron Donor P865 

Pigment and cofactor compositions as well as the light-induced absorbance changes in the reaction 
centers of green filamentous bacteria are similar to those of purple bacteria. Fig. 8 (A) shows room- 
temperature absorption spectra for the reaction center of Cf aurantiacus reduced by Asc (solid line) in 
one case and in the other oxidized by FeCy (dashed line). The far-red absorption maxima of the reduced 
sample are at 865, 815 and 756 nm while in the oxidized sample, most of the 865-nm band and some of 
the 605-nm band are bleached and the 815- and 756-nm bands are shifted to 806 and 757 nm, respec- 
tively. A distinct shoulder at 793 nm also disappears upon oxidation. The BO-a absorption band at 534 
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Fig. 8. (A) Room-temperature absorption spectra of chemically reduced (solid line) and oxidized (dashed line) reaction centers 
from Cf. aurantiacus: (B) the oxidized-minus-reduced difference spectrum. Figure source: Pierson and Thornber (1983) Isolation 
and spectral characterization of photochemical reaction centers from the thermophilic green bacterium Chloroflexus aurantiacus 
strain J-10-f1. Proc Nat Acad Sci, USA. 80; 81 . 

nm is practically unchanged. The corresponding oxidized-minus-reduced difference spectrum is shown 
in Fig. 8 (B) and is attributed to the oxidation of P865. It is noted that the difference spectrum for 
oxidation of P865 in Cf. aurantiacus bears a very close resemblance to that seen Rb. sphaeroides {cf 
Chapter 4, Figs. 3 and 4). Also, the chemically produced difference spectrum for P865 in Fig. 8 (B) is 
practically identical to that produced by photochemical oxidation. The rather narrow linewidth (AH=9.5 
G) of the EPR spectrum of P865’ indicates that it is a BChl-o dimer. The redox potential of the P865^/ 
P865 couple has been found to be 0.36 V. 

The RC of green filamentous bacteria contain a membrane -bound cytochrome c554, which with a 
redox potential is -I-0.26 V can reduce P865^ in 10 fjs at room temperature. When electron transfer is 
interrupted either on the donor or the acceptor side, P865'^ and T recombine to form the spin-polarized 
triplet state through the radical-pair mechanism. The decay time of^P865 at room temperature is ~90 fjs. 

II.C. The Secondary Electron Acceptors in Green Filamentous Bacteria Menaquinone 

Vasmel and Amesz^^ investigated the nature of the secondary electron acceptors in Cf. aurantiacus by 
making absorbance-change measurements. Absorbance difference spectra obtained with a Cf. aurantiacus 
reaction-center preparation excited with 13-/js flashes and measured 10 mi' after excitation are shown in 
Fig. 9 (A) and (B) [note the different AA scales for the two wavelength regions]. This flash-induced 
difference spectrum is essentially identical to that obtained by continuous illumination, and consists 
only of changes due to oxidation of the primary donor and reduction of the secondary electron acceptor, 
i.e., AA=AA(P*-P)+AA(A"-A). The difference spectrum in the red and far-red region is also similar to 
that produced by chemical oxidation of the reaction center shown in Fig. 8. 
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Under the conditions employed, the absorbance changes measured in Fig. 9 (A) and (B) decayed in 
~60 ms representing recombination of the oxidized primary donor and reduced secondary acceptor. If 
the sample is provided with an exogenous reductant, say, by the addition of 5 mM ascorbate and 25 pM 
PMS, the photooxidized is re-reduced in less than 1 ms. If the time resolution ofthe instrument is 
limited, a large portion of this signal may not even be detected. Thus the reduced species formed during 
charge separation is essentially stabilized in this reducing environment, and it is then possible to kineti- 
cally isolate the absorbance difference spectrum for the reduced species, without interference by that due 
to the photooxidation ofthe primary donor P865. Identification ofthe secondary electron acceptor by 
this procedure is described below. 

The absorbance difference spectrum in the visible and UV regions shown in Fig. 9 (C) was measured 
10 ms after flash excitation in the presence of exogenous reductant, and is therefore attributed to the 
photoreduction ofthe secondary electron acceptor, plus some possible concomitant electrochromic shifts 
of pigment absorbance spectra. Note that the sample used in Fig. 9 (C) and (D) was five times more 
concentrated than the sample used in Fig. 9 (A) and (B), i.e., it had an absorbance of 0.045 at 865 nm 
instead of 0.009 for the sample used. The difference spectrum represented by the dotted curve in Fig. 9 
(C) is the semiquinone-minus-quinone difference spectrum of vitamin K-1 in methanol, produced by 
pulse radiolysis. The similarity in the overall profile ofthe difference spectra in Fig. 9 (C) suggests that 
the secondary electron acceptor of Cf. auranhacMS could very well be a vitamin K. The slight red shift in 
the reaction-center spectrum relative to the solution spectrum is not unexpected for a membrane-bound 
cofactor. From the amplitudes of the absorbance changes at 865 nm and 395 nm, the stoichiometry of 
photooxidized P865 and reduced vitamin K comes out close to unity. 




Wavelength, nm 

Fig. 9. (A) and (B) Absorbance difference s[>ectrum of Cf. aurantiacus reaction centers measured 10 ms after a 13-/ys saturating 
xenon flash was applied; sample absorbance at 865 nm was 9x10'^. (C) and (D) are the absorbance difference spectra measured 
the same way as in (A) and (B). except that the reaction-center sample contained Asc and PMS as an exogenous reductant. The 
dashed spectrum in (C) is the in vitro difference spectrum of vitamin K-1 in methanol obtained by EJ Land by pulse radiolysis. 
Figure source: Vasmel and Amesz (1983) Photoreduction of menaquinone in the reaction centers ofthe green photosynthetic 
bacterium Chtoroftexus aurantiacus. Biochim Biophys Acta 724; 119-121. 
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Chemical analysis of Cf. aurantiacus cells shows that the only quinone present is menaquinone (MQ), 
with menaquinone- 10 (vitamin K-2) being the predominant form. It is therefore concluded that 
menaquinone serves as both the primary and secondary quinone acceptors, and Qh, in Cf. aurantiacus. 
The presence of quinones as the electron acceptors in Cf. aurantiacus reinforces the notion that it is 
similar to the purple bacteria and green-plant PS II. Note that in the purple bacterium Rb. sphaeroides 
both acceptors are ubiquinone molecules, while in both Rp. viridis and Chromatium menaquinone is the 
primary quinone acceptor (Q^) and ubiquinone the secondary quinone acceptor (Qb). 

The light-induced difference spectrum of Cf. aurantiacus shows that the ratio of P865 to MQ in the 
reaction center is ~1:1. By titrating cytochrome photooxidation, a redox potential of - 50 m V is obtained, 
which most likely reflects the redox potential of the first, i.e., the earlier, menaquinone acceptor. 

II.D. Picosecond Spectroscopic Measurement of the Intermediate Electron Acceptor (!) in 
Green Filamentous Bacteria 

As in the case of the purple photosynthetic bacteria, the more stable electron acceptor of green fda- 
mentous bacteria was first detected using instrumentation with millisecond-time resolution and so the 
rise and decay kinetics of any earlier electron acceptor(s) would be too fast to be detected. The detection 
of any earlier electron acceptor would require greater time resolution, such as afforded by picosecond 
spectroscopy. As a framework for further discussion we write the sequence of the primary photochemi- 
cal and electron-transfer reactions in green filamentous bacteria as follows ; 

P I MQ + /zv -> P* I MQ ^ P T-MQ P"1MQ“ 

Picosecond-spectroscopic measurements with reaction centers of the green filamentous bacterium Cf. 
aurantiacus were carried out by Kirmaier, Blankenship and Holten^"^ and their results are shown in Fig. 
10. Absorbance difference spectra 47 ps and 2.5 ns after excitation with 30-ps, 600-nm pulses are shown 
in Fig. 10 (A) and (B) for the 700-900 nm and 500-750 nm regions, respectively [note differences in 
sample concentrations and AA-scales for the two spectral regions]. The absorbance difference spectrum 
in Fig. 10 (A) measured 47 ps after excitation (solid-line trace) can be attributed to the formation of the 
[P*T“]-state while that at 2.5 ns (dashed-line trace) can be ascribed to the [P'-FMQ‘]-state. Note that the 
2.5-ns spectrum resembles that measured at 10 mi in Fig. 9 and the chemically oxidized difference 
spectrum in Fig. 8. The 47 -ps and 2.5-ns spectra show significant differences between 700 and 900 nm, 
a difference which can be more clearly seen by subtracting one from the other to obtain [A(AA)], as 
shown in Figs. 10 (C) and (D). This second difference can be ascribed mostly to the I->F change, as any 
redox change in MQ is known to produce little change in this spectral region and P' is stable on this time 
scale. The changes consist of a bleaching at 760 nm due to the reduction of BO (I) and a prominent 
spectral shift of BChl a near at 810 nm. Spectral changes in the region between 500 and 700 nm mea- 
sured at 47 ps and 2.5 ns after excitation are shown in Fig. 10 (B). The 47 /7s-minus-2.5 ns difference 
spectrum shown in Fig 10 (D) includes aprominent -AA of the Q^ band of BO at 538 nm and a corre- 
sponding absorbance increase at 655 nm, which is consistent with the formation of the anion radical of 
BO. 

From the absorbance-change kinetics, the time of formation ofthe [P^-T]-state is estimated to be ~13 
ps, substantially longer than the corresponding charge-transfer time of 3-4ps found for the purple bacte- 
ria. Also, while the electron transfer time from BO a' to ubiquinone in purple bacteria is -200 ps, the 
corresponding electron-transfer time from BO a to menaquinone in green sulfur bacteria was found to 
be -325 ps. 
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Fig. 10. Absorbance difference spectra of transient states induced in RC of Cf. aurantiacus by 30-ps, 600-nm flashes and mea- 
sured 47 ps (solid trace) and 2.5 ns (dashed trace) after the center of the 30-ps excitation flash. Difference spectra were measured 
separately for the 700-900 nm (A) and 500-700 nm (B) regions. (C) and (D) show the calculated difference spectra from (A) and 
(B), respectively. Figure source; Kirmaier, Blankenship and Molten (1986) Formation and decay of radical-pair state P'f- in 
Chloroflexus aurantiacus reaction centers. Biochim Biophys Acta 850; pp. 277, 278. 

Picosecond absorbance changes in Cf. aurantiacus reaction centers were also examined by Shuvalov, 
Vasmel, Amesz and Duysens^^. They used 33-ps, 870-nm laser flashes to directly activate the primary 
donor P865 and found that formation of the fl'J-state takes 14 ps. By analyzing the absorbance- 

change kinetics, they also suggested that an electron is first transferred from excited P* to an intermedi- 
ary BChl a forming B Chi in 10±2/75 and is then transferred to BtP in 34:\ps. Under actual experimen- 

tal conditions, Shuvalov et al.^^ estimated the maximum concentration of the [P'^-BChl a']-state to be 
approximately 6% ofthe total P concentration. The kinetic data of Shuvalov et al.^^ appear quite consis- 
tent with those found in more recent studies by Zinth, Kaiser and coworkers^^ which suggested a similar 
two-step electron-transfer pathway in Rb. sphaeroides involving both BChl a and B<I> a, as discussed 
previously in Chapter 7, Section III.B.2. 

III. The Newly Discovered Photosynthetic Bacteria - the Heliobacteria 

Both green-plant photosystem I and green sulfur bacteria have for sometime known to have the FeS- 
type reaction centers. Now anew group of photosynthetic bacteria, the heliobacteria, discovered about 
twenty years ago by Gest and Favinger^^, have also been found to belong to this type. The first dis- 
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covered heliobacterium, named Heliobacterium chlorum, contains BChl g as its major light-harvesting 
chlorophyll pigment. BChl g resembles BChl b in having an ethylidene group on C8 on ring II and is also 
similar to Chi a in having a vinyl group on ring I but with farnesol as the esterifying alcohol rather than 
phytol. Heliobacteria are strictly anaerobic photosynthetic bacteria which are also capable of nitrogen 
fixation. While heliobacteria resemble the green sulfur bacteria, they contain neither chlorosomes nor 
intracytoplasmic membranes. Instead both their light-harvesting BChl g and reaction centers are located 
in the cytoplasmic membrane. Purified antenna-reaction center complexes have been prepared from the 
Heliobacterium chlorum by van de Meent, Kleinherenbrink and Amesz^^ and from Heliobacillus mobilis 
by Trost and Blankenship^^. 

The primary donor, P798, of Hb. chlorum has recently been found by Kobayashi, van de Meent, 
Erkelens, Amesz, Ikegami and Watanabe^^ to be a dimer of the 13^-epimer of BChl g, similar to the 
situation in green-plant photosystem I, where P700 has been found to be a dimer of a 13^-epimer of Chi 
a. Excitation with 35-ps flashes causes bleaching at 800 and 670 nm, the former being attributed to the 
photooxidation ofP798 while the latter has been attributed to reduction of the intermediary electron 
acceptor recently identified as 8'-hydroxy-Chl a (corresponding to Aq of PS I). The reduced form of the 
intermediary electron acceptor decays in -500 ps, by transfer of its extra electron to the next acceptor. 
Evidence from both EPR and optical spectroscopies appears to indicate the involvement of a quinone 
and iron-sulfur proteins as secondary acceptors and cytochrome c553 as the secondary donor in Hb. 
chlorum. The unusual composition of the photosynthetic apparatus of heliobacteria, namely, its rela- 
tively low antenna pigment-to-reaction center ratio, has made its antenna-reaction center complex a 
favorite material for studying various chemical, physical and molecular-biological properties by optical 
spectroscopy. All presently available evidence indicates that the reaction centers of heliobacteria and 
green sulfur bacteria are similar in composition to that of photosystem I of green plants. 



IV. Summary 

We conclude this chapter by presenting in Eig. 11a summary of photosynthetic electron transport in 
the reaction centers of the two types of green bacteria. At the top of the figure are shown the electron- 
transfer chains in the two kinds of bacteria and the corresponding counterparts in green-plant photosys- 
tem I and in purple bacteria and green-plant photosystem II. This is followed by their corresponding 
energy diagrams, including the presently known reaction sequence and kinetic parameters for Pc. aestuarii 
and Cf. aurantiacus. 

The energy levels of P*, above the ground state, in the green sulfur bacteria and green filamentous 
bacteria are 1.47 and 1.43 eV, respectively. On the basis of limited quantitative data, it appears that the 
rates of the early electron-transfer steps in green bacteria are comparable to, or perhaps slightly slower, 
than the corresponding steps in purple bacteria. Electron transfer from T to Q in C/[ aurantiacus takes 
-325 ps. Oxidized P*" in Pc. aestuarii can be reduced by cytochrome c553 in -90 fis, while P^ in Cf. 
aurantiacus is reduced by cytochrome c554 in <10 ^is. 

While the set of cofactors in the reaction centers of green sulfur bacteria is similar to that in photosys- 
tem I of green plants, the proteins that contain the primary donor and the early acceptors are in each case 
quite different. The PS-I core is a heterodimer of two large protein subunits, the PsaA and PsaB proteins, 
while in green sulfur bacteria there is just one structural gene that encodes one large protein subunit 
whose structural features permit a kind of “homodimer.” The evolutionary significance of the similari- 
ties as well as some of the differences between the reaction centers of the green sulfur bacteria (and 
heliobacteria) and green-plant photosystem I has been briefly discussed earlier in Chapter 1. 




Green sulfur bacteria Green filamentous bacteria 

P840 • BChl a • MQ ■ FeS-X • FeS-A/B rpc ||\ P865 • BChl a • BO a • MQ^ • MQ 
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Fig. 1 1. Electron-transfer schemes for the reaction centers of the green sulfur bacteria (A) and green filamentous bacteria (B). The reaction-center components of the 
green sulfur bacteria are compared to green-plant photosystem I and those of the green filamentous bacteria are compared to green-plant photosystem II or purple bacteria. 
The decay times and redox potentials are for Prosthecochloris aes/uar'// and Chloroflexus aurantiacus. See text for discussion. Figure adapted from Amesz (1987) 

Primary electron transport and related processes in green photosynthetic bacteria. Photosynthetica 21 : 228. 
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It should be noted that although adequate experimental evidence is available to show that the electron- 
transfer chain in green sulfur bacteria is very similar to that of photosystem I, some details are still 
lacking in our understanding of both photosystems at the present time. For instance, in the green sulfur 
bacteria, all acceptor molecules, including the three iron- sulfur proteins, still need further characteriza- 
tion. Photochemical trapping experiments carried out at selected low temperatures have only given some 
indication of the redox potentials of the three iron-sulfur proteins. For that matter, details of the electron- 
transfer pathways among the iron- sulfur proteins in photosystem I under physiological conditions are 
still under debate. The structure and function of the acceptor molecules in the electron-transfer chain of 
photosystem I are presented in Chapters 29 to 33. 

When electron transfer to the secondary acceptor is disrupted, the separated charges recombine in a 
few nanoseconds, via the “radical pair” mechanism, to form the spin-polarized triplet state of the pri- 
mary donor, ^P. As shown in Fig. 11, the decay time of 'P865 in the green filamentous bacterium Cf. 
aurantiacus is 6 fjs at ambient temperature. At 1.2 K it is 75 fjs. Reaction centers of Cf. aurantiacus 
contain two menaquinone molecules, MQ^ and MQr, which behave the same way as a pair of analogous 
quinones in purple bacteria and photosystem II. Under non-physiological conditions, MQ^' recombines 
with P865^ in 60 ms and MQb" in 1 s. 
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Cytochromes are heme proteins in which the four N-atoms of the heme are coordinated to an iron atom 
(see drawing in Fig. 1, left). These electron-transfer proteins are present in all biological organisms, 
including photosynthetic bacteria, green plants and algae. There are four types of cytochromes, desig- 
nated a, b, c and d, of which the a-, b- and c-types are all represented in photosynthetic bacteria. The 
structures of the a-, b- and c-types according to the substituents on the porphyrin ring coordinated to the 
redox-active iron atom, as illustrated in Fig. 1. The a-type heme contains a long hydrophobic isoprene 
unit linked to a vinyl group with a formyl group replacing the methyl group at R3. The (7-type cyto- 
chrome contains the iron-protoporphyrin IX, the same heme that is also present in hemoglobin. In the c- 
type cytochrome, the double bonds of the two vinyl groups form thioether linkages to the cysteine 
sulfhydryls of the protein. The heme iron is also coordinated to two axial ligands: in the c-type cyto- 
chrome it is coordinated with histidine and methionine, while in the a- and ( 7 -type cytochromes both 
ligands are histidines (see Fig. 1). 
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Fig. 1. Chemical structure of the heme groups of the a-, b- and c-type cytochromes. 
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During electron transfer, the heme iron alternates between the and oxidation states. In re- 
duced cytochromes, the Fe^^-containing heme groups exhibit distinctive absorption spectra in the visi- 
ble, consisting of, in the order of decreasing wavelength, three bands called the a, P and y (the y-band is 
also called the “Soref’ band). These sharp absorption bands were first observed by Charles MacMunn^ 
with a simple spectroscope in 1884. In 1925, Keilin^ elucidated the function of “pigments” such as those 
observed by MacMunn and, calling them “cytochromes,” classified them into different classes (a, b, c 
and d) according to the wavelength position of the a-band. Although small changes of the cytochrome 
band positions are effected by the protein environments of the heme groups, the wavelength of the a- 
absorption band is nevertheless characteristic of a particular cytochrome in the reduced form and can be 
used to distinguish it from the others. In the current photosynthesis literature, the bacterial cytochromes 
are designated “b,” “c,” etc., plus a numerical subscript {e.g., Cyt C 2 ) or plus the wavelength of the a- or 
Soret band, respectively (e.g., Cyt c553 or Cyt c422) or, when no suitable band wavelength is available, 
the redox potential (e.g., Cyt C 50 , where £m,(pH g) = +50 mV). 

Based on the nature of the cytochromes, there are two kinds of photosynthetic bacterial reaction cen- 
ters. The first kind, represented by that of Rhodobacter sphaeroides, has no tightly bound cytochromes. 
For these reaction centers, as shown schematically in Fig. 2, left, the soluble cytochrome C 2 serves as the 
secondary electron donor to the reaction center; the RC also accepts electrons from the cytochrome bc\ 
complex by way ofCytC 2 . The rate of electron transfer from cytochrome to the reaction center is sensi- 
tive to the ionic strength of the medium. Functionally, cytochrome C 2 is positioned in a cyclic electron- 
transport loop. In Rb. sphaeroides, Rs. rubrum and Rp. capsulata cells, the two molecules of cyto- 
chromes C 2 per RC are located in the periplasmic space between the cell wall and the cell membrane. 
When chromatophores are isolated from the cell the otherwise soluble cytochrome become trapped 
and held by electrostatic forces to the membrane surface at the interface with the inner aqueous phase. 
These cytochromes electrostatically bound to the membrane can donate electrons to the photooxidized 
P870’ in tens of microseconds at ambient temperatures, but are unable to transfer electrons to P870* at 
low temperatures. 
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^ LT=low-temperature reduction of P* by cytochrome 
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Fig. 2. Two kinds of photosynthetic bacterial reaction centers based on the nature of binding of the cytochromes to the mem- 
brane. “P“ is the primary electron donor; 'T is the intermediate electron acceptor; “No.” refers to Cyt per RC. See text for 
discussion. Figure adapted from PL Dutton and RC Prince (1978) Reaction center-driven cytochrome interactions in electron 
and proton translocation and energy coupling. In: RK Clayton and WR Sistrom (eds) Photosynthetic Bacteria, p 525, Plenum 
Press. 
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The photosynthetic reaction center of Rb. sphaeroides and Cyt C 2 have recently been co-crystallized 
by Adir, Axelrod, Beroza, Isaacson, Rongey, Okamura and Feher^ with an RC-to- Cyt C 2 ratio of 4, as 
deternrined by light-induced absorption-change measurements. X-ray diffraction studies of these crys- 
tals have shown two molecules of Cyt C 2 to be adjacent to the periplasmic surface of the M-subunit 
polypeptide containing the reaction center. This co-crystallized Cyt C 2 has also been found to donate 
electrons to the photooxidized primary electron donor (PSyO*^) at the same rapid rate as in vivo. 

The second kind of reaction center, as represented by that of Chromatium vinosum or Rhodopseudo- 
monas viridis, has a tightly bound c-type cytochrome [see Fig. 2, right]. This so-called “reaction center- 
associated cytochrome” is a tetraheme of molecular mass of ~40 kDa and structurally quite different 
from the other known, c-type cytochromes. One of the hemes in this RC-associated, c-type cytochrome 
also serves as the immediate electron donor to the photooxidized primary donor of the photosynthetic 
bacteria (either P870" in C. vinosum or PQdO"^ in Rp. viridis). The oxidized cytochrome in the tetraheme 
is in turn reduced by the soluble cytochrome 62 . The RC-associated cytochromes are not easily dissoci- 
ated from the RC, even at high ionic strength. 

In contrast to bacteria that do not contain the RC-associated cytochrome, the polypeptide chain of the 
M-subunit ofbacteria ofthe second kind has been found to have ~20 more residues at the C-terminus. It 
has been suggested that the extra twenty-odd amino-acid residues are used to hold, or “snatch” the 
(tetra)heme subunits. Bacteria such as Rb. sphaeroides, which lack this 20-residue extension into the 
periplasmic space, may not be able to “snatch” a tetraheme cytochrome subunit if it were available. 

The BChl a-containing C. vinosum and the BChl ^-containing Rp. viridis each contain two kinds of c- 
type cytochromes. For example, C. vinosum cells contain four functional c-type cytochromes, two of 
which are high-potential (Cyt c555 [HP]; 7=+340 mV) and two low -potential (Cyt c553 [LP]; 

0 mV). These cytochromes were thought to be integral components bound through hydrophobic interac- 
tions to the reaction-center membrane and it is therefore possible to prepare chromatophores or reaction- 
center membranes from C. vinosum still containing the bound cytochromes. In Fig. 2, right, cytochromes 
c553 are shown located near the outer (or cytoplasmic) surface of the chromatophore, and primary 
electron donor P and the cytochromes c555 closer to the inner (or periplasmic) surface ofthe membrane. 
The locations of these cytochromes have been inferred from immunological localization experiments as 
well as from the amplitude of the electrochromic band shift of carotenoids as a result of electric fields 
generated across the membrane following flash-induced, electron-transfer reactions among the various 
components (see additional discussion below). 

These RC-associated cytochromes can donate an electron very rapidly to the photooxidized primary 
donor, e.g., in 1-2 /js in C. vinosum and in less than a microsecond in Rp. viridis. Ofthe two kinds of 
cytochromes, it is the low-potential type which, when present in the reduced form under anaerobic 
conditions, reduces PSTO"*, at both room and cryogenic temperatures, rather than a high-potential cyto- 
chrome, such as Cyt c558, in Rp. viridis, even though the latter is also present in the reduced state. It is 
therefore assumed that the low-potential cytochromes are closer to the primary donor and, furthermore, 
this proximity enables them to transfer electrons to the oxidized donor at cryogenic temperatures. When 
only the high-potential cytochromes are present in the reduced state, they are able to donate electrons to 
the oxidized primary donor, but this transfer is inhibited at low temperature. Some exceptions may be 
noted, however. For instance, in Rp. gelatinosa, the high-potential cytochrome can donate electrons to 
the oxidized primary donor at low temperature, but the reaction is only partial and is partly reversible. 

Note that in the model ofthe 1980s shown in Fig. 2, right, the two cytochromes in either the high- or 
low-potential pair have no distinguishing characteristics, apart from location. In fact, the tetraheme has 
often been described as consisting of two pairs of “twins” and two parallel pathways for electron transfer 
seem possible, are formed by one high- and one low-potential heme. However, this quandary became 
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moot when the three-dimensional structure of the Rp. viridis reaction center containing the associated 
cytochromes was determined in 1984, the location and orientation of the tetraheme cytochromes turned 
out to be quite different than expected, in particular that all four hemes were found to be non-equivalent 
hemes. Thus the four hemes would be expected to have different spectroscopic and redox properties, 
according to the different location and orientation of each heme, as discussed below in Section III. Note 
RC-associated cytochromes are found not just in purple bacteria but also in green sulfur bacteria, green 
filamentous bacteria and heliobacteria. 

The subject matter of this chapter is confined to the role of cytochrome as a secondary electron donor, 
D, i.e., the interaction with the photooxidized primary electron donor P* formed during the photochemi- 
cal charge-separation process in photosynthetic bacteria. Another cytochrome, present essentially as a 
ubiquinone-cytochrome c oxidoreductase in the cytochrome-Z>Ci complex, is particularly important in 
energy conservation and the creation of a proton gradient for ATP synthesis in of photosynthetic bacte- 
ria. This cytochrome hC| complex, is discussed in Chapter 35 dealing with proton transport. 

We now discuss kinetic evidence that supports the notion that a reduced cytochrome is the direct 
electron donor to the photooxidized P870'^ . In subsequent sections we discuss properties and reactions of 
the RC-associated cytochromes, i.e., those cytochromes that are firmly associated with the reaction 
centers. The topics to be discussed include the temperature-insensitive electron transfer from the cyto- 
chrome to the reaction center and the spatial arrangement of the hemes in the tetraheme cytochrome 
subunit. 

I. Reduction of the Photooxidized Primary Eiectron Donor by Cytochromes 

Light-induced absorbance changes attributable to cytochrome redox reactions in photosynthetic bac- 
teria were reported more than 40 years ago, usually showing the cytochrome undergoing oxidation. As 
the concept of the primary electron donor developed, the oxidation of cytochromes was considered to be 
possibly linked to the reaction-center chlorophyll. It was natural to inquire about what happens to the 
oxidized primary electron donor formed during the photochemical charge-separation process. For this 
discussion, we use [D-P-A] to represent the reaction-center core of the photosynthetic bacteria, where 
“P” stands for the primary electron donor P870, “A” for the set of electron acceptors, in which the 
earliest transient acceptor is very short-lived relative to the lifetime of the oxidized primary donor, and 
“D” for the secondary electron donor. The reaction sequence, as shown at the top of Fig. 3, involves © 
photoexcitation of the primary donor, © charge separation, i.e., an oxidation-reduction reaction involv- 
ing a rapid electron transfer from the primary electron donor (P) to the primary acceptors (A) and then to 
subsequent acceptors until it is stabilized at the quinone acceptor Q^, and © donation of an electron from 
the secondary donor (D) to the photooxidized primary donor, P870* 



Fig. 3. Top row: formulation of the reaction sequence involved 
In the photochemical charge separation of the photosynthetic 
bacterial reaction center. © is the excitation and charge sepa- 
ration, ® the electron transfer to the (secondary) acceptors, 
and ® the eiectron donation by a secondary donor, the cyto- 
chrome, to the photooxidized primary donor P*. Figure adapted 
from RK Clayton (1980) Photosynthesis. Physical Mechanism 
and Chemical Patterns, p 91. Cambridge Univ Press. 



D-p.A + hv-^D P'-A -^D P* A- D* P A‘ 
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Evidence for the closely coupled reaction between the photooxidized P870* and the ferrocytochrome 
was obtained by Parson"* in 1968 from spectro-kinetic measurements. As shown in Fig. 4, upper left, 
photooxidation of P870 in Chromatium vinosum chromatophores produced by a 2Q-ns flash results in a 
very rapid onset, in less than 0.5 /js, of an absorbance decrease at 882 nm (or a AT/T increase, as shown), 
followed by a rapid recovery, or decay, in ~2 /js. Since the recovery of this absorbance change represents 
re-reduction of P870'to P870, there should be a corresponding kinetic component for the oxidation of 
the secondary electron donor. Parson found the rate of absorbance change due to oxidation of cyto- 
chrome c553 to match that of the re-reduction of P870", as shown in Fig. 4, lower left. In other words, the 
re-reduction of P870' and oxidation of cytochrome are kinetically coupled, i.e., P870' extracts an elec- 
tron directly from cytochrome c553. 
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Fig. 4. Absorbance-change kinetics of photooxidation due to the primary electron donor and its decay (re-reduction) [upper 
panels] and the oxidation of a c-type cytochrome [tower panels] in C. vinosum (left) and Rp. viridis [right panels]. The C. vinosum 
sample was poised at a redox potential so that Cyt c55S ("Cyt c422') is reduced before flash excitation; the ambient redox 
potential in Rp. viridis was ~250 mV, so that only Cyt c558 is present in the reduced state before excitation. Figure source, left 
panels (C. vinosum) from Parson (1966) The role of P870 in bacterial photosynthesis. Biochim Biophys Acta 153; 254; right 
panels (Rp. viridis) from Shopes, Levine, Holten and Wraight ( 1 987) Kinetics of oxidation of the bound cytochromes in reaction 
centers from Rhodopseudomonas viridis. Photosynthesis Res 12: 167. 

Since P870’ is restored to P870 in~2 ps, another round of P870 photooxidation would be expected if 
a second flash were applied within a few microseconds of the first. It was found, however, that even 
when the second flash is applied 4-6 ps after the first flash, no absorbance changes associated with the 
oxidation of either P870 or the cytochrome could be observed. Instead, the excitation flash produced 
only a greatly enhanced level of fluorescence. This observation suggests that the state of some compo- 
nent other than P870, possibly Q, might be involved. Parson^ used an ingenious method to examine 
indirectly electron transport on the acceptor side by monitoring the reaction kinetics of P870 and Cyt 
c553. 

It was found that when the second flash in a pair of flashes is applied 500 /.ts after the first, the full 
measure of the absorbance change due to Cyt c553 oxidation is readily seen, but as the interval between 
the two flashes is decreased, the effect of the second flash eventually becomes smaller. When the time 
interval is reduced to 60 ps, the effect of the second flash is only half that of the first flash. A simple 
interpretation of these observations is that when the reduced acceptor produced by the first flash has 
not yet transferred its electron to Qg, the radical pair [P’^d'] produced by the second flash simply recom- 
bines to reform [P-I]. Therefore, cytochrome oxidation can take place by the second flash only if has 
transferred its electron to Qn and is thus ready to accept an electron from 1 formed in the second flash so 
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that recombination between P* and I* is avoided. Thus the for electron transfer from Qa to Qb is 60 A'’, 
as judged by the extent of cytochrome oxidation seen in the second flash relative to that produced by the 
first flash. 

It is known that Chromatium chromatophores contain two Cyt c553 molecules per reaction center. It is 
also known that the Cyt c553 that is oxidized following the first flash takes 10 mi to become re-reduced, 
a second flash given less than 10 mi after the first flash, but after Qa^ has been oxidized by Qd> should be 
able to photooxidize the second of the two cytochromes^. Although C. vinosum reaction center contains 
a tetraheme, as shown in Fig. 2 above, the cytochromes that transfer the electron to PSVO"^ in the present 
case are the high-potential cytochromes c555. The two low-potential cytochromes c553 are present in 
the oxidized state under ambient redox conditions and therefore are not capable of serving as electron 
donors to P870'^. 

Fig. 4, right shows some more recent evidence, as reported by Shopes, Levine, Holten and Wraight^, 
for a similar direct coupling between cytochrome oxidation and P960'^ reduction in the Rp. viridis reac- 
tion center. The upper absorbance-change signal is due to a very rapid photooxidation (£10 m') of the 
primary donor P960 measured at 945 nm followed by a decay representing its re-reduction in 270 ns. 
Since the sample was poised at -250 mV, Cyt c553 with a midpoint potential of 10 mV would be in the 
oxidized state and therefore only cytochrome c558, with a redox potential of 370 mV, can be responsible 
for the oxidative absorbance change in the Soret band at 419 nm. The small, initial, rapid absorbance 
decrease at 419 nm is attributed to the bleaching of P960 itself, and not to the cytochrome. 

II. Cytochrome Electron Transfers in the Photosynthetic Bacteria can be Temperature 
insensitive 

In some early studies of cytochrome reactions in photosynthetic bacteria. Chance and Nishimura^ 
made a remarkable observation with regard to the temperature dependence of photooxidation of the c- 
type cytochromes in photosynthetic bacteria. They found that in Chromatium the low-potential Cyt c553 
(also called Cyt c423.5 according to the wavelength of the Soret band) can still undergo photooxidation 
at low temperatures. Fig. 5 shows that the oxidation rate of Chromatium Cyt c is about the same at 300 
as at 250 K, while the rate of re-reduction is decreased about 6-fold. What is remarkable is that at 77 K 
the rate of cytochrome oxidation appears to be even faster than at ambient temperature. The oxidized 
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Fig. 5. Comparison of kinetics of cytochrome oxidation and reduction in an anaerobic suspension of intact cells of the photosyn- 
thetio bacterium Chromatium at 300, 250 and 77 K. Scales for the absorbance-change and time as well as the calculated rates of 
cytochrome oxidation and re-reduction are shown. Figure source: left panel from Chance and Nishimura (1960) On the mecha- 
nism of chlorophyll-cytochrome interaction: The temperature insensitivity of light-induced cytochrome oxidation in Chromatium. 
Proc Nat Acad Sci, USA. 46: 20 and right panel from Chance and DeVault (1964) On the kinetics and quantum efficiency of the 
chlorophyll-cytochrome reaction. Ber Bunsenges Phys Chem 68: 725. 
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cytochrome is not re -reduced at this temperature, as seen in the right panel of Fig. 5, and consequently 
further illumination following a period of darkness no longer elicits any absorbance change. 

Subsequently Chance and DeVault® ’° investigated the relationship between the rate of cytochrome 
photooxidation and temperature using laser flashes instead of continuous illumination. The cytochrome 
photooxidation time is plotted vs. the reciprocal of the absolute temperature in Fig. 6. At room 
temperature, is ^2 fjs, hut increases with decreasing temperature, down to ~ 1 10 K. Over this tempera- 
ture range, the activation energy, namely, the energy necessary for the cytochrome heme to assume the 
most suitable orientation relative to P'^ for a reaction, is equal to 3.3 kcal/mole. Below -100 K, the 
reaction time remains almost constant at about 2.3 ms, i.e., it is no longer dependent on temperature. The 
activation energy is only -80 caFmole. 




Fig. 6. Temperature dependence of the rates of cytochrome 
oxidation in Chromatium cells induced by 10-ns (•) and 0.5-^s 
(■ ) laser flashes. The numbers beside the data points are the 
number of observations averaged into one data point. Repro- 
duced from DeVault and Chance (1966) On the kinetics and 
quantum efficiency of the chlorophyll-cytochrome reaction. 
Biophys J 6: 832. 



The fact that bacterial c-type cytochromes undergo oxidation with a virtually constant ty, at low tem- 
peratures clearly demonstrate that the RC-associated cytochromes do not require substantial motions to 
initiate electron transfer and suggests that electron transfer between and the cytochrome takes place 
via the “electron tunneling” mechanism. Electron tunneling is a unique quantum-mechanical phenom- 
enon, in which the wave nature of a particle enables it to penetrate a potential-energy barrier greater than 
its own kinetic energy. The probability of such a penetration depends on the distance between the reac- 
tants and the height of the barrier. According to quantum-mechanical calculations, the height of the 
energy barrier in this instance is 0.3-1. 0 eV, and the barrier width is 30-80 A. This mode of electron 
transfer often applies to components connected to proteins, as their positions are virtually fixed by the 
protein matrix, or at low temperatures when the positions of the reactants, attached to proteins or not, are 
also fixed. Beside the electron transfer between cytochromes and the bacterial reaction center, several 
other electron-transfer reactions in photosynthesis have also been found to undergo electron tunneling 
under appropriate conditions, as will be seen elsewhere in this book. 
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III. Tetraheme Arrangement in the Reaction-Center Complex of Rhodopseudomonas 
viridis 



As described earlier in Fig. 2, the reaction center of C. vinosum had been thought to contain a pair of 
identical, high-potential cytochromes c and a pair of low-potential cytochromes c, with redox potentials 
of -340 mV and -0 mV, respectively. However, determination of the crystal structure for the RC-asso- 
ciated cytochrome complex of Rp. viridis by Deisenhofer, Michel and coworkers" in mid-1980 unveiled 
an unexpected and rather different picture for these cytochromes, as noted earlier. As seen in the sche- 
matic representation in Fig. 7 below, the L, M and H subunits form a reaction-center core spanning the 
membrane and the cytochrome subunit forms a quasi-linear array extending away from the primary 
electron donor [BChI] 2 . Clearly, the spatial arrangement proposed for C. vinosum in Fig. 2 is no longer 
compatible with such a linear heme array. Each of the four cytochromes in the subunit has its own 
characteristic distance and orientation relative to each other and to the primary donor. Furthermore, 
contrary to the notion that in C. vinosum there are two thermodynamically equivalent cytochromes each 
with a high redox potential and two with low redox potential. Redox titrations of Rp. viridis reaction- 
center membrane have revealed that all four cytochromes have distinguishable redox potentials as well 
as different absorption spectra (see below). After the crystal structure of the Rp. viridis reaction center 
became available, interest on the heme arrangement and interaction between cytochromes and the reac- 
tion center was greatly stimulated. A brief account of these studies is presented below. 

To facilitate the discussion of the tetraheme subunit of the Rp. viridis reaction center, a simple table is 
presented in Fig. 7, including the different nomenclature commonly used for the individual hemes. The 
four hemes can be designated with Arabic numerals 1, 2, 3 and 4 based on their distances relative to the 
primary donor, or with Roman numerals I, II, III and IV, as originally assigned by Deisenhofer et al.^^ 
according to their positions based on their locations in the amino-acid primary sequence, with 1 and I 
being the farthest from the primary donor. A third nomenclature is also included in the table, where H is 
used for high-potential and L for low-potential, plus a number to distinguish the two members of a pair 





Fig. 7. A "frame of reference" for the Rp. viridis RC-associated cytochrome complex (A) and a more detailed view of the cyto- 
chrome subunit with the four hemes shown (B). See text for the various nomenclatures used. “P” represents the [BChIh (the 
primary donor). The table also includes the redox-potential values of the hemes, and the wavelength of the a-band of the hemes 
both at room and cryogenic temperatures. Figure (A) the same as Fig. 7 in Chapter 2. (B) is taken from CRD Lancaster, U Ermler 
and H Michel (1995) The structure of photosynthetic reaction centers from purple bacteria as revealed by X-ray crystallography. 
In: RE Blankenship, MT Madigan and CE Bauer (eds) Anoxygenic Photosysnthetic Bacteria, p 511 Kluwer. 
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from each other, thus HI, H2, LI and L2. Although studies on the actual arrangement ofthe four hemes 
remain to be discussed, for reference purposes we list in the table in Fig. 7 the current consensus on the 
positions of the four hemes, their redox potentials and the wavelengths of their a-bands. It may be noted 
that tetraheme subunit of Rp. viridis consists of 336 amino acids, four covalently bound hemes and one 
covalently attached lipid molecule, adding up to a molecular mass of 40.5 kDa. 



III.A. Studies based on Reaction Kinetics 

The first inquiry into the question of heme arrangement in the cytochrome subunit of Rp. viridis was 
carried out by Dracheva, Drachev, Zaberezhnaya, Konstantinov, Semenov and Skulachev'^ in 1986. 
They titrated the two high-potential cytochromes and found them to have £„i'Values of 3 80±20 and 
310±10 mV with a-bands at 559 and 556 nm, respectively. With the sample poised at 240 mV so that 
only the two high-potential cytochromes were in the reduced state, flash-kinetic spectroscopic examina- 
tion revealed that the photooxidized P960^ was reduced by Cyt c559 (E^=380 mV) in 300 ns, and the 
photooxidized Cyt c559 was re-reduced in turn by Cyt c556 (£n,“3 1 0 mV) in 2.5 /js. These results led 
Dracheva et al. to conclude that Cyt c559 is the immediate electron donor to P960^ and the second high- 
potential Cyt c556 reduces P960'^ via Cyt c559. Thus, Cyt c559 was assigned the heme position nearest 
to P960^, i.e., heme 4/III in Fig. 7 table. However, it could not be determined which of the three remain- 
ing heme positions is occupied by the second high-potential cytochrome, Cyt c556. 

In the meantime, Shopes, Levine, Holten and Wraight^ reported results very similar to those of Dracheva 
et al. with a finding of electron donation by the high-potential Cyt c559 to P960'^ in 270 ns and therefore 
also assigned it to the heme position closest to the primary donor P960. A slower re-reduction in 3 /js 
was also observed, which Shopes et al. attributed to a redox equilibration between the two high-potential 
hemes, i.e., an electron is transferred from the other high-potential cytochrome c556 to c559. The overall 
reaction scheme may be summarized as: 

c556 c559 P960 + c556 c559 -P960^ ^ c556 c559" ?960 c556' c559 ?960 

Note that experimental data of Shopes et al.^ on electron transfer from Cyt c559 to P960^ was earlier 
shown in Fig. 4 as evidence for electron transfer from reduced Cyt c559 to the photooxidized primary 
donor P960^. 

It is of note that Kaminskaya, Konstantinov and Shuvalov’^ also examined in detail the kinetics of 
low-temperature photooxidation of all four cytochromes in Rp. viridis reaction centers and established 
the complete heme sequence as HI, LI, H2, L2, as shown in Fig. 7, thus putting into doubt the earlier 
model involving two parallel H/L electron-transfer pathways, as suggested by the model in Fig. 2. 

Cytochrome oxidation in Rp. viridis reaction centers has also been investigated more recently by 
Ortega and Mathis*"^’*^. Although their results basically confirm those of Dracheva et al.^^ and Shopes et 
aV , as described above, the high precision and improved time resolution of their measurements have 
yielded some interesting new features. Room-temperature electron transfer from the hemes to the photo- 
oxidized P960^ in Rp. viridis were examined for three different redox conditions, namely, where one 
heme (c559), two hemes (c559, c556), or three hemes {c559, c556, c552), are present in the reduced state 
before the reaction center is excited by a laser flash. Examination ofP960^ re-reduction in the presence 
of four reduced hemes has not been carried out, as the redox environment necessary for reducing all four 
hemes usually leads to the photoaccumulation of reduced Q^" in the repetitive-flash, signal-averaging 
kind of experiments needed to obtain usable signal-to-noise ratio. 
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When the sample was poised at an ambient potential so that only the high-potential heme c559 is 
present in the reduced state, flash excitation elicited a rapid electron transfer from the heme to P960*, as 
shown by the absorbance-change signal monitored at 1283 nm in Fig. 8 (A, a). The initial rapid rise 
represents the P960->P960'^ reaction. The decay portion representing P960'^ re-reduction can be fitted 
with a very fast phase with /./, of 230 ns, a fast phase with ty=2 . 1 /JS and a slow phase with /y,«500 /iv. In 
this case, the very fast phase amounts to only 45% of the total absorbance change due to P960* re- 
reduction. The slowly decaying phase (500 /js) was attributed to the recombination of P960'^ and Qa'- 




5 /is 5 fis 



Fig. 8. (A) Kinetics of flash-induced absorbance changes (aA) due to P960 photooxidation and dark reduction in Rp. viridis 
reaction centers at room temperature and monitored at 1283 nm. The sample was poised at different potentials so that one heme 
(c559) [a], two hemes (c559, c556) [b], and three hemes (c559, c556 and c552) [c] are present in the reduced form. Each of the 
three AA traces are fitted with three exponentials of characteristic with the first, very fast one being the major decay phase. (B) 
flash-induced AA monitored at 1283 nm [a] and 550 nm [b]. The redox condition of the sample is identical to that in (A, c). Figure 
source; (A) Ortega and Mathis (1993) Electron transfer from the tetraheme cytochrome to the special pair in isolated reaction 
centers of Rhodopseudomonas viridis. Biochemistry 32: 1143; (B) Ortega and Mathis (1 992) Effect of temperature on the kinetics 
of electron transfer from the tetraheme cytochrome to the primary donor in Rhodopseudomonas viridis. FEBS Lett 301: 46. 

When the sample was poised at a lower potential of 240 mV so that both hemes c559 and c556 are in 
the reduced state, the decay phase representing the re-reduction of P960'^ can again be fitted with three 
phases but with smaller /i/,--values, namely of 190 ns, 1.5 /zs and 20 jjs, as shown in Fig. 8 (A, b). Here the 
major, very rapidly decaying phase amounts to -85% of the total absorbance change and is presumably 
due to P960* re-reduction by Cyt c559. Separate measurements showed that oxidized c559 is in turn 
reduced by c556 with a />/, of 1.7 fjs, consistent with the previous finding of Dracheva et 

At -20 mV, where the three hemes c559, c556 and c552 are initially in the reduced state, reduction of 
P960^ becomes even faster, with corresponding /./.-values of 1 15 ns, 665 ns and 1 2 /zs, respectively. Here 
P960" is apparently reduced directly by c552 in 1 15 ns. However, the possibility of a transitory oxidation 
of c559 followed by a more rapid reduction of oxidized c559 by c552, in <40 ns, was not excluded. 

A more detailed recording for the last-mentioned reaction is shown in Fig. 8 (B, a), together with that 
for the coupled cytochrome oxidation monitored at 550 nm in Fig. 8 (B, b). In the 550-nm signal, the 
initial rapid rise portion is due to the P^P^ reaction. The rapid decrease is due to the kinetically coupled 
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cytochrome oxidation, which can be fitted with a single exponential with of 120 ns. By means of 
similar experiments performed at different wavelengths, the cytochrome involved was determined to be 
the low-potential Cyt c552. 

It is worth noting that with decreasing potential of the medium, i.e., with an increasing number of 
reduced hemes, the rate of electron transfer from the heme to P960* becomes faster. For the case of 1, 2 
or 3 reduced hemes, the major P960' re -reduction phase has a value of 230, 190 and 115 ns, respec- 
tively, corresponding to an acceleration of 20% and 100% with each additional reduced heme. These 
increases in rate have been interpreted as the result of an electrostatic interaction contributing to the 
driving force for electron transfer from heme c559 (HI). Gunner and Honig’^ calculated, on the basis of 
of their model for electrostatic control of the Cyt c559 subunit in the cytochrome unit of the Rp. viridis 
reaction center, driving forces of 1 20 w F, 1 34 w F and 211 w F for the three redox states, consistent with 
the experimentally measured electron-transfer rates. 



III.B. Studies by EPR Spectroscopy 

Nitschke and Rutherford'^ used redox titration in conjunction with EPR spectroscopy to investigate 
the identity and arrangement of the four hemes in the Rp viridis cytochrome subunit. The signals in the 
^2 region of the EPR spectra of the low-spin ferricytochromes in Rp. viridis chromatophores poised at 
various redox potentials are shown in Fig. 9. In the fully oxidized sample poised at 473 mV, EPR signals 
with g^'Values at 3.09 sand 3.3 are observed, as shown in Fig. 9 (A, a). Upon lowering the potential to 
180 mV, the g=3.09 signal disappears along with some of the g=3.3 signal, as seen in Fig. 9 (A, b). 
Lowering the potential further to -158 mV, where all four hemes are expected to be reduced, causes the 
remaining amplitude oftheg=3.3 signal to disappear, as shown in Fig. 9 (A, c). These results suggest 
that two high-potential hemes have signals atg=3.09 and 3.3, while both low-potential hemes apparently 
have readily detectable signals only atg=3.3. 




Field Redox potential 



Fig. 9. (A) EPR spectra of Rp, viridis chromatophores poised at +473 mV (a), +1 80 mV (b) and -1 58 mV (c). Two prominent lines 
at g=3.3 and 3.09 are indicated. The broad band near 260 mT is due to ferricyanide used as a redox mediator. (B) redox titration 
of the g=3.3 and g=3.09 EPR signals. The dashed line in the low-potential wave of the g=3.3 titration is a one-component fit 
yielding a midpoint potential of -20 mV. The inset (B, c) shows the shift in field position of the g=3.3 line plotted as a function of 
redox potential. Data points for titrations in the positive and negative directions are represented by solid and open symbols, 
respectively. Figure source; Nitschke and Rutherford (1989) Tefraheme cytochrome c subunit of Rhodopseudomonas viridis 
characterized by EPR. Biochemistry 28: 3162. 
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To further narrow down the identity of the hemes, a redox titration of the signals at the two g-values 
was performed. The signal atg=3.3 apparently titrates as two waves as shown in Fig. 9 (B, a) but upon 
closer analysis three separate species appear to be involved. It is clear that the low-potential wave has 
approximately twice the amplitude of the high-potential wave, the latter having a midpoint potential of 
-1-320 mV. Also the data points of the low-potential wave are better fitted by two components with 
midpoint potentials of -1-20 and -80 mV than by one component. Furthermore, the nearly equal ampli- 
tudes of the three component waves upon analysis suggest a 1:1:1 stoichiometry of the three hemes. 
Titration of the g=3.09 signal yields a midpoint potential of 420 mV [Fig. 9 (B, b)], thus accounting for 
the fourth heme. 

Illumination of a fully reduced Rp. viridis reaction center at 4 K results in the appearance of the g= 3. 31 
line corresponding to Cyt c552 with £^=+20 mV, and a simultaneous appearance ofag=1.82 line be- 
longing to the terminal acceptor, the Fe-semiquinone complex. When the sample is warmed in the dark, 
the g=3.31 signal is changed to one atg=3.29, suggesting an electron transfer from Cyt c553 with Em= 
-80 mV to the Cyt c552 previously photooxidized at 4 K. This observation was interpreted as an indica- 
tion that Cyt c552 is closer to the primary donor P960 and Cyt c553 is further away (refer to Fig. 7). 

If the above results are taken together with those ofDracheva et al}^ and Shopes et alJ previously 
discussed regarding the arrangement of the two high-potential cytochromes, two possible configurations 
for the RC/Cyt-complex may be formulated, namely, 

(1) [-80 mV] -> [+20 mV] -> [+320 m V] -> [+400 mV] ^ F960 or 

(2) [-80 mV] [+320 mV] -)• [+20 mV] -+ [+400 mV] -> P960 

Thus only the relative positions of the +20 mV and the +320 mV hemes remain unsettled. 

Separate measurements of the dependence of the EPR signal intensity V5. microwave power for the 
four redox states of the hemes reveal their relaxation behaviors, from which their magnetic interactions 
may be deduced. There is apparently no such interaction measurable between the +20-mV and the -80- 
mV hemes. Furthermore, there is a suggestion of an interaction between the +320-mV heme and each of 
the low-potential hemes. Combining all the available data, the most likely heme sequence seems to be 
the one listed in (2) above. 



III. C. Studies of Tetraheme Orientation 

To complete the identification of the heme sequence in the Rp. viridis cytochrome subunit structure as 
determined by X-ray crystallography, Nitschke and Rutherford'^ further measured the orientation of the 
hemes in multilayers of oriented chromatophore membranes deposited on a glass slide prepared accord- 
ing to the method ofBlasie et al.^^. The redox state of these hemes in the multilayer samples were 
controlled by exposing them to solutions containing various redox agents. The EPR determination of the 
orientation of the heme axis is based on the premise that the direction ofg 2 is perpendicular to the heme 
normal. Thus, information with regard to the orientation ofg^ would allow the tilt angle of the heme 
plane with respect to the membrane plane (the glass slide) to be determined. 

With the EPR and electrochemical properties of the four hemes established, Nitschke and Rutherford 
used a combination of other approaches to further characterize the four hemes in the Rp. viridis cyto- 
chrome subunit. For this purpose, the electron-transfer properties at 4 K were examined. Table 1 sum- 
marizes these low-temperature kinetic data and the electrochemical and EPR results discussed thus far 
as well as the implied heme sequence. A summary of the results obtained by Nitschke and Rutherford is 
presented in Table 1, including the sequence and the corresponding heme tilt angle, which are 

consistent with those determined by X-ray crystallography. 
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These results on heme orientation have also been confirmed by other workers. Vermeglio, Richaud 
and Breton^^ examined the absorption and linear dichroism (LD) of the high-potential Cyt c556 in the 
reaction centers of Rp. viridis oriented in squeezed polyacrylamide gels. The LD spectrum shows two 
transitions of opposite sign and equal amplitudes. By comparing the experimental LD-values with those 
calculated from the atomic coordinates obtained from X-ray crystallographic analysis of the Rp. viridis 
reaction center, the authors could unambiguously assign Cyt c556 to heme-2/II, i.e., the third heme away 
from the primary donor. 



Table 1. Summary of experimental data obtained by EPR spectroscopy on g^, kinetics of photooxidation 
of the four cytochromes in Rp. viridis. Data from Nitschke and Rutherfored (1989) Tetraheme cytochrome c 
subunit of Rhodopseudomonas viridis by EPR. Biochemistry 28: 3161-3168. 



Cyt 


3 

< 


9z 


oP" -^c* P at 4 K 


Tilt angle’ 


Sequence^ 


c554 


-80 (L2) 


3.29 


yes on warming 


90° 


1 /I 


c556 


+320 (H2) 


>3.32 


no 


45° 


2/11 


c552 


+20 (LI) 


3.31 


yes 


45° 


3 /IV 


c559 


+400 (HI) 


3.09 


no 


90° 


4 /III 


P=^ 


’ angle of tilt of heme to membrane; ^sequence designation (see Fig. 7) 



In the meantime, Fritsch, Buchanan and Michel^® examined heme orientation in the crystals of Rp. 
viridis reaction centers. Absorption spectra of the crystals poised at different redox potentials were 
obtained using plane-polarized light. The midpoint potentials were quantitatively determined by fitting 
the absorbances at 552, 553, 556 and 559 nm to Nemst functions with two exponential terms. Based on 
the known orientations ofthe hemes in the reaction-center crystal, the calculaed potentials were found to 
correspond to the specific hemes in the following sequence: 

Heme-sequence nomenclature: 

4/111 3/1 V 2/11 1/1 

P960 • c (558.5 nm) • c(552 nm) • c(556 nm) ■ c(552.5) 

-f-370mV +10 mV +300 mV -60 mV 

Thus the results obtained by the three different groups are consistent with the current consensus on the 
order ofthe hemes as previously shown in Fig. 7. 

Alegria and Dutton^'’^^ used the Langmuir-Blodgett (LB) technique to deposit multiple (mono) layers 
of either the Rp. viridis reaction-center complex or of the corresponding chromatophores, in either case 
dispersed in a phospholipid matrix. The absorption spectrum ofthe “LB-film” was almost identical to 
that of the reaction center complex in solution, as shown in Fig. 10 (A), indicating that the in vitro 
properties ofthe photosynthetic apparatus are stable and essentially retained in the LB-films. The au- 
thors used a combination of redox potentiometry and absorption spectroscopy to identify the four Rp. 
viridis hemes and their redox potentials, and also determined their orientations by linear-dichroism mea- 
surements. 

Two identical LB-films, each consisting of 14 monolayers prepared from RC/octyl-p-glucopyranoside 
(p-OG) dispersions, were used in the following studies. The LB films were titrated for the high-potential 
hemes in the potential range between 440 and 130 mV [Fig. 10 (B, a)] and the low-potential hemes in the 
range between 160 and -140 mV [Fig. 10 (C, a)]. Absorption spectra at several potential values in the 
two titration ranges are shown in Figs. 10 (B, c) and (C, c). In Figs. 10 (B, b) and (C, b) are the Nernst 
plots ofthe absorbance changes at 558 and 553 nm. The high-potential plot yields two, one-electron 





Fig. 10. (A) Absorption spectra oiRp. viridis RC-associated cytochrome complex in solution (thin trace) and in LB-film (thick trace) 
consisting of 14 layers of the Rp. viridis RC dispersed in octyl-p-glucopyranoside (p-OG) and poised at an ambient redox potential 
of 200 mV. The two spectra are normalized at 960 nm. (B) and (C) show redox titration of the high- and low-potential hemes in the 
potential range of 400 to 1 30 mV and 160 to -1 40 mV ranges, respectively. Panels a, b and c in (B) and (C) show, respectively, the 
cytochrome a-band absorption spectra, the Nemst curves for two components with n=1 constructed from the data points, and the 
absorption spectra obtained by spectrophotometric resolution for the four distinct hemes. (D) shows the absorption spectra 
obtained with horizontally-polarized (HP) and vertically-polarized (VP) light; (E) dichroic ratios of the four hemes. See text for 
details. Figure source; (A, B, C) adapted from Alegria and Dutton (1991) I. Langmuir-Blodgelt monolayer films of bacterial pholo- 
synthetic membranes and isolated reaction centers: preparation, spectrophotometric and electrochemical characterization. Biochim 
Biophys Acta 1 057: 246, 251 ; (D, E) from Alegria and Dutton (1991)//. Langmuir-Blodgatt monolayer films of the Rhodopseudomonas 
viridis reaction center, determination of the order of the hemes in the cytochrome c-subunit. Biochim Biophys Acta 1057: 261. 
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components with g-values of 370 and 295 mV, representing two distinct high-potential hemes, while 
the Nernst plot in the low-potential region also yields two, one-electron components but with g-values 
of 50 and -51 mV, representing two distinct low-potential hemes. Deconvolution of the redox spectro- 
photometric data for the two high-potential and the two low-potential hemes yields their absorption 
spectra, as shown in Fig. 10 (B, c) and Fig. 10 (C, c), respectively. 

To illustrate the kind of data used for the determination of the dichroic ratios of the hemes, one typical 
pair of polarized spectra of an LB-film of 30 layers of Rp. viridis RC/p-OG are shown in Fig. 10 (D). The 
spectra obtained by using vertically-polarized (VP) and horizontally-polarized (HP) light are drawn in 
solid and dashed lines, respectively. Polarized absorbances Ayp and Ahp are evident in the absorption- 
band regions of [BChl] 2 , BChl, and the heme (magnified in the inset). The dichroic ratios, i.e., Ayp/Anp, 
of the four hemes measured at the peak of each hemea-band are plotted in Fig. 10 (E) as a function of 
redox potential. Note that the dichroic -ratio values are not related to the Nernst equation because the 
orientation of a heme is independent of its redox potential and the different hemes are differentiated, or 
selected, by monitoring wavelength; thus the sets of data are discrete. Based on the dichroic -ratio plots, 
the hemes can be divided into two populations relative to their orientations: both c558 g=362 mV) 

and c553 -5 1 mV) have dichroic-ratio values of -0.7, while c556 (£^ g=295 mV) and c551 {E^ g= 

50 mV) have values generally close to 1. Similar results were obtained with LB -films containing mul- 
tiple layers of viridis chromatophore^P-OG dispersions. 

From the dichroic-ratio values, the angle of each heme plane relative to the membrane plane can be 
calculated. Apparently the four hemes fall into two groups with respect to the angle of tilt, each group 
comprising one high- and one low-potential heme. One group consists of the highest- and the lowest- 
potential hemes, with their planes considerably out of the membrane plane, and the other population 
consists ofthe two with intermediate potentials, with their hemes closer to the membrane plane. Taking 
into consideration these results plus conclusions drawn from other studies ’ ’ ’ ’ , Alegria and Dutton 
were able to construct the RC-Cyt c model shown in Fig. 11, which is also consistent with the X-ray 
crystal structure. 
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Fig. 1 1. Model of the tetraheme arrangement in the cytochrome subunit in Rp. viridis consistent with available evidence based on 
spectral, electrochemical and orientational properties ofthe hemes. Heme orientations adapted from Alegria and Dutton (1991) II. 
Langmuir-Blodgett monolayer films of the Rhodopseudomonas viridis reaction center: determination of the order of the hemes in 
the cytochrome c subunit. Biochim Biophys Acta 1057: 271. 
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In conclusion, it may be worth noting that although the location and orientation of the hemes in the 
cytochrome subunit are precisely known from the crystallographic measurement and the electrochemi- 
cal properties of the individual hemes have also been identified from the many studies described in this 
section, the “biological modus operandi”^^ of a linear array of alternating high-low hemes remains a 
“mystery.” As Nitschke and Rutherford*^^ so adroitly asked “What are those tetraheme subunits good 
for?” - a question that is yet to be answered. 

IV. A Reaction Center-Cytochrome c Model System 

We have seen from the foregoing discussion that c-type cytochromes serve an important function as 
secondary electron donors in photosynthetic bacteria. The high rate of electron transfer from c-type 
cytochromes to the photooxidized primary donor and the ability of the cytochrome to donate an electron 
even at low temperature indicate that the reaction center and the cytochrome are closely linked together. 

In 1970, Dan Reed, Tom Chaney and this author^^ used a cytochrome-free, reaction-center complex 
from Rb. sphaeroides R-26 and tried to reconstitute it with mammalian cytochrome c in an attempt to 
mimic in vivo electron transfer. Although P870 can undergo rapid oxidation by a light flash, its re- 
reduction is very slow, as expected, in the absence of efficient secondary donors, as shown in Fig. 12, 
upper row. However, P870^ may be reduced very rapidly by an externally added redox mediator such as 
reduced PMS. For example, in the presence of 0.1 mM reduced PMS, P870^ can be re-reduced in 36 /js. 
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Fig. 12. Kinetics of flash-induced absorbance-change transients at 870 and 550 nm, indicative of photooxidation and rereduction 
of the primary electron donor P870 in Rb. sphaeroides R-26 reaction centers in the absence (upper row) and presence (lower row) 
of mammalian cytochrome c. Figure source: Ke, Chaney and Reed (1970) The eiectrostetic interaction between the reaction- 
center bacteriochlorophyll derived from Rhodopseudomonas sphaeroides and mammaiian cytochrome c and its effect on light- 
activated electron transport. Biochim Biophys Acta 216: 377. 

These authors, however, found that externally added, reduced mammalian (beef heart) cytochrome c 
was also capable of efficiently donating electrons to P870’^, as illustrated in Fig. 12, lower row. When the 
externally added cytochrome c is at a sufficiently high concentration, the reduction time of P870* can be 
as short as 25 ps. It is worth noting that in intact R6. sphaeroides cells, the f./. ofP870'*^ reduction by 
intrinsic cytochrome C 2 is 12 ps, only twice faster than the externally added mammalian cytochrome c. 
Of course, when the temperature is lowered, fi/, for electron donation in the model system increases 
significantly. By lowering the temperature stepwise from ambient to 0 °C, an Arrhenius plot can be 
obtained for the reduction rate ofP870^ and the oxidation rate of exogenous cytochrome c, either plot 
yields an activation energy of ~12 kcal/mole. Once the sample solution becomes frozen, however, the 
electron transfer ceases altogether. 
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By flash excitation of this reaction system, it is not only possible to measure the absorbance change at 
870 nm produced by photooxidation of the primary electron donor but also that at 550 nm produced by 
the oxidation of cytochrome c, as shown in Fig. 12, lower right trace. Since the differential extinction 
coefficient of cytochrome c was precisely known, the authors were able to use the differential extinction 
coefficient of P870 commonly accepted at the time, and the measured amplitudes of absorbance changes 
at 870 and 550 nm, to calculate a stoichiometry of 1 P870: 1 cyt c for this reaction. Parson and Clayton^"^ 
later utilized this model system to obtain conversely a more accurate differential extinction coefficient 
of 128 mM~'-cm‘'for P870 (see Section II. of Chapter 4 for further details). 

The fraction of photooxidized P870^ that can be reduced with a of 25 jjs depends on the ratio of the 

concentration of the externally added (reduced) cytochrome c to that of P870. In Fig. 13 it is seen that 
when [Cyt]=8 p.M, i.e., when [Cyt]/[P870]=10, the entire absorbance change of P870 recovers in 25 /is. 
One rather unusual characteristic was noted in the absorbance-change traces, namely, the lack of any 
dependence of the reaction rate on the fraction of P870^ that undergoes re-reduction. Only the fraction of 
oxidized P870^ undergoing re -reduction varies with the Cyt c/P870 concentration ratio. These results 
seem to indicate that P870 and the externally added cytochrome c are already in a suitable binding 
conformation in order for electron transfer to occur. The fact that the entire oxidized P870^ can be 
rapidly re-reduced only at a Cyt c/P870 ratio of 10 or above seems to suggest that each reaction center 
binds a group of 10 Cyt-c molecules. It is possible, of course, that some cytochromes may not be bound 
in the appropriate conformation. A preliminary ultrafiltration experiments^ yielded a Cyt c-to-P870 ratio 
far higher than unity. Subsequently, Rosen, Okamura and Feher used a reaction-center complex of high 
purity and equilibrium dialysis and found that each reaction center binds just one cytochrome molecule, 
independent of the redox state ofP870 or the source of cytochrome, e.g., mammalian cytochrome c or 
cytochrome C 2 isolated from Rb. sphaeroides. 




Fig. 13. Decay kinetics of P870* re-reduction at different concentrations 
of ferrocytochrome c. Figure source; Ke, Chaney and Reed (1 970) The 
electrostatic interaction between the reaction-center bacteriochlorophyll 
derived from Rhodo- pseudomonas sphaeroides and mammalian cyto- 
chrome c and its effect on light-activated electron transport. Biochim 
Biophys Acta 216: 377. 



The unusual independence of rate on reactant concentration clearly indicates that the cytochrome is 
intimately bound to the reaction-center complex. The binding mode between mammalian cytochrome c 
and the reaction center was revealed by the following experiments. Since a cytochrome has a high 
isoelectric point, it is present as a complex cation at neutral pH. The isoelectric point of the reaction- 
center complex is near 4. 1 , and therefore at neutral pH it would be present as a complex anion. Thus at 
pH 7.5, there should be a rather strong electrostatic attraction between the two. 
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The presence of an electrostatic interaction between these oppositely charged polyions is supported by 
the effects of pH and ionic strength on coupled oxidation of mammalian ferrocytochrome c by P870'^ 
Fig. 14 shows the effect of varying pH on the decay time for the re-reduction of P870"^ in a 0.01 M buffer 
solution. The fastest decay occurs between pH 7.5 and 9.5. On either side of this pH range, the decay 
time increases rather sharply. For instance, at pH values of 6.5 and 10, the decay times increase from 25 
/JS to as much as ~500 /is. At buffer concentration of 0.1 M, the plot has nearly the same minimum point, 
but is much narrower, i.e., the decay time becomes much more sensitive toward the pH of the buffer. 
This is consistent with the theory of electrolyte solutions, in particular, the prediction that the reaction 
rate between two ions is not only proportional to the product of the ionic charges but also decreases with 
increasing ionic strength. 



Fig. 14. Reaction halftime of P870* reduction coupled to ferrocyto- 
chrome c oxidation as a function of pH and ionic strength. Ionic 
strengths: 0.01 M (empty symbols). 0.1 M (solid symbols). Figure 
source: Ke, Chaney and Reed (1970) The electrostatic interaction 
between the reaction-center bacteriochlorophyll derived from 
Rhodopseudomonas sphaeroides and mammalian cytochrome c and 
its effect on light-activated electron transport. Biochim BiophysActa 
216: 379. 
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Additional experimental evidence supporting the assumption of two oppositely charged polyions elec- 
trostatically attracted to one another is shown by the effect of the presence of other polyionic mol- 
ecules^^. A polycation such as polylysine is expected at sufficiently high concentration to bind preferen- 
tially the negatively charged reaction-center complex and thus prevent binding of cytochrome mole- 
cules. At approximately 0.5 pM, polylysine has been found to just completely block cytochrome cou- 
pling. From this limiting polylysine concentration, it has been estimated that reaction-center complex 
with a particle mass of6.5xl0^Da contains -500 negative charges, a value consistent with the apparent 
number of binding sites of the reaction-center complex for cytochrome c, as estimated from both the 
kinetic profile and ultrafiltration results mentioned above. 

Subsequently Prince, Cogdell and Crofts^® also examined the reaction between Rp. sphaeroides reac- 
tion centers and mammalian cytochrome c as well as native cytochrome isolated from the same cells. 
They confirmed the electrostatic nature of the interaction between the Rp. sphaeroides reaction centers 
and mammalian cytochrome c. However, unlike the Rp. sphaeroides reaction center/mammalian cyto- 
chrome c system, the reaction with cytochrome isolated from Rp. sphaeroides is independent of pH 
between pH 4 and 10, and the effect of changing ionic strength on reaction rate is negligible at all pH 
values. The pH-independent behavior in this case has been attributed to the fact that the reaction-center 
complex and cytochrome have essentially the same isoelectric points, and thus similar overall charges 
at all pHs. 
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In algae, cyanobacteria and the chloroplasts of green plants, photosystem II (PS II) splits water into 
molecular oxygen, electrons and protons. Oxygen evolved is released to the atmosphere while the elec- 
trons and protons are used to reduce the plastoquinones and Qb. This function has given photosystem 
II the name “water-plastoquinone oxidoreductase.” The proton release also creates an electrochemical, 
trans-membrane gradient which is used to drive ATP synthesis. Figure 1 is a simplified representation of 
the oxygenic photosynthetic membrane, showing the location of the various major protein complexes 
and a detailed model for the PS-II core complex, including its major protein components and electron- 
transport cofactors. 




Fig. 1. Major protein complexes in the green-plant photosynthetic membrane (top) and the photosystem-li RC complex (bottom). 
PC=piastocyanin, Fd=ferredoxin, CF,, CFo=coupling factors; the smail numbers are the molecular weights of proteins in kDa. PS- 
II RC-core model adapted from Rutherford (1989) Photosystem It, the water-splitting enzyme. Trends in Biochem Sci 14: 228. 
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Electron transport in PS II leading to water oxidation is initiated by a light-induced charge separation 
between the primary electron donor, a special chlorophyll pair called P680, and the primary electron 
acceptor, a pheophytin molecule represented by O. Charge separation occurs when the primary donor 
P680 is excited either by direct absorption of a photon or, much more probably, by transfer of electronic 
energy from a photoexcited antenna chlorophyll molecule. Excited P680 rapidly loses an electron to 
reduce the primary acceptor (h to O" and thus itself becomes oxidized. Reduced O" passes an electron to 
plastoquinone Qy^ forming aplastosemiquinone Qa' , which in turn passes an electron to Qg forming 
Q[j’ . Of the two plastoquinone molecules, Qa only undergoes a one-electron reduction, while can 
take up two electrons to become reduced to Qg'. When is further reduced in a second round of 
photochemical charge separation it becomes the fully protonated plastoquinone, Q 13 H 2 , and then under- 
goes an exchange with an oxidized plastoquinone molecule in the quinone pool. This “stopping” of the 
first electron at Q^, combined with the exchange process after reduction by the second electron, has led 
Qjjto be called a “two-electron gate.” Note that reduction ofplastoquinone in green-plant PS II is similar 
to that of ubiquinone in bacterial photosynthesis which also involves quinone as a two-electron gate. The 
reducing equivalents formed in PS II are transferred to PS I via the cytochrome hfj" complex. 

The highly oxidizing P680*, formed during primary photochemistry, extracts an electron from the 
secondary electron donor Y 7 , which has been identified specifically as a particular tyrosine (Tyrlhl on 
D1 protein). Between the specific tyrosine and the ultimate electron donor, water, is a cluster of four 
manganese atoms. This Mn-cluster acts as a “four-electron gate” that releases four oxidizing equivalents 
in the form of an oxygen molecule as a result of a cyclic, four-step, electron-transfer process to P680 
mediated by the secondary donor ¥ 7 . The sequence of electron transfers from water to plastoquinone Qu 
may thus be summarized in simplified form as: H 2 O -> Mn clusters Y 7 ^ P680 — > O Qa Qo. 

Of course, in the interest of efficient use of light energy it is advantageous for the initially formed 
in the charge-separated state [P680^*ch'] to rapidly lose its electron to the more distant Qa in order to 
avoid charge recombination with P680'''. However, if electron transfer from <t>' is somehow blocked as, 
say, when the plastoquinone has been removed or when it is pre -reduced chemically, then charge recom- 
bination in [P680‘^«<1>“] is much more likely to occur. Under such circumstances, as in the case ofphoto- 
synthetic bacteria discussed earlier, the radical pairs decay by recombination, returning to the original 
[P680*<I)] state accompanied by luminescence, some of this luminescence arising from the long-lived, 
excited triplet state of P680. Other conditions favoring recombination are also possible. Eor example, if 
the oxidizing side ofP680 is blocked, P680^ may recombine with reduced plastoquinone. Or, Qa'" or 
Qu- may donate an electron to a partially oxidized state of the Mn cluster, the energy released via such 
a recombination manifesting itself in the form of thermoluminescence (see Chapter 24). 



I. Photosystem II: Protein Components and their Organization 

PS II consists of a multicomponent protein complex made up of over twenty subunits, most of which 
are embedded in the thylakoid membrane. We now describe the major known components and introduce 
the names ofthe genes that encode these proteins, as shown in the diagram ofEig. 2 (also cf. Table 2 on 
p. 33). The diagram encompasses the major core components, including the core antennas CP47 and 
CP43, plus the five other major light-harvesting chlorophyll proteins. The outline lists the gene names 
for the corresponding protein components, the gene name being followed by the letter “c” or “n” in a 
parenthesis to indicate whether it is a chloroplast or nuclear gene, respectively. The approximate 
molecular mass and the known function of each protein are also indicated. Note that a number of other 
proteins whose functions are as yet unknown are not included in the list; the search for the role of these 
proteins in photosynthesis remains a continuing challenge. 
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The major protein complex in the PS-II reaction center is a heterodimer formed hy the protein suhunits 
D1 and D2, which together contain all the PS-II cofactors and pigment molecules involved in the elec- 
tron transport. The primary donor P680, formed hy a special chlorophyll pair, is located between the two 
suhunits. The photochemically active pheophytin, C>, is hound to D1 and the inactive <I> is hound to D2. 
Both plastoquinones are located close to the stromal side, with hound to D2 and Qr to D1 and a 
nonheme Fe serving as a redox mediator between them. Note that the overall arrangement of cofactors in 
the PS-II reaction-center core resembles that in photosynthetic bacteria (see Chapter 2). In PS II, the 
primary electron donor is located, as it is in photosynthetic bacteria, near the center, and the other pig- 
ment molecules and cofactors are arranged on two nearly symmetric branches. 

In contrast to the bacterial reaction-center, PS II contains a number of protein subunits and cofactors 
that are required exclusively for H 2 O splitting. They include three extrinsic proteins, a cluster of four 
manganese atoms and two specific tyrosine residues, one on D1 called Yz (or Tyrz) and the other on D2 
called Yo (or Tyr^). The three extrinsic proteins and the six light-harvesting chlorophyll-protein com- 
plexes are all encoded by nuclear genes as indicated in the lower portion of Fig. 2. The PS-II primary 
donor, P680, is located between Q,, acting as a two-electron gate on the reducing side and a Mn-cluster 
acting as a four-electron gate on the oxidizing side, with with mediators of electron flow between them. 
Oxygen evolution and the cofactors involved in oxygen evolution will be discussed in detail later. 

Cytochrome b559 is a two-subunit heme protein, with the a- and (3-subunits encoded by the chloro- 
plast genes psbE and psbF, respectively. Although Cyt b559 has been known for a long time and has 
been very extensively investigated, its physiological function is still not yet clear. The possible involve- 
ment of Cyt b559 as a “switch” in limiting photo-damage or in controlling oxygen evolution has been 
proposed recently. 
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Fig. 2. The photosystem-ll reaction center with a listing of the major known protein complexes, the genes that encode them, 
their molecular masses and principal functions, as currently known. The arrows represent the sequence of electron transport 
as presently understood. 
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II. Structure of the Photosystem-ll Reaction-Center Complex 

D1 and D2 proteins were discovered more than 20 years ago by Chua and Gillham^ as two green 
diffuse bands ofmolecular weight ranging from 32 to 34 kDa obtained from Chlamydomonas reinhardtii 
thylakoid-membrane proteins in an SDS-PAGE gel, hence the designation D (for diffuse). For some 
time the D1 protein has been known to bindplastoquinone as well as some herbicides, thus the name 

“Qn-protein” or “herbicide-binding protein.” It has also been suggested to bind 1-2 bicarbonate ions. D1 
is the product of the psbA gene, from which the amino-acid sequence of the protein was deduced, and 
appears to be highly conserved among diverse photosynthetic species. Later, the psbD gene was found to 
encode the D2 protein and from it the amino-acid sequence was likewise determined. D1 and D2 pro- 
teins are homologous to each other as well as to the L- and M-subunits of the purple bacterial reaction 
center (see Fig. 3). Because of the structural and functional similarities between photosynthetic bacterial 
and PS-II reaction centers, much of the information on photosynthetic bacteria can be fruitfully applied 
toward exploring the nature of the D1 and D2 subunits in PS II. 
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TPDPASLPGAPK* (323) 



Fig. 3. Amino-acid sequences of the L- and M-subunits of Rp. viridis and the D1 and D2 subunits of photosystem II. Adapted from 
Michel and Deisenhofer(1988) Relevance of the photosynthetic reaction center from purple bacteria to the structure of photosys- 
tem II. Biochemistry 27: 3 
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Fig. 4. Folding pattern of amino acids in PS-II D1 (A) and D2 (B) protein chains predicted by computer modeling. Non-conserved 
residues are represented by empty circles and conserved ones by single-letter symbols. See text for other details. Adapted from 
Svensson, Vass, Cedergren and Styring (1 990) Structure of the donor side components in photosystem II predicted by computer 
modelling. The EMBO J 9: 2053. 
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II.A. Amino-Acid Sequences 

Trebst^ was the first to point out that there was a considerable degree of homology between the amino- 
acid sequence of D1 and that of the L-subunit as well as between that of D2 and that of the M-subunit 
(see Figs. 3 and 4). This observation together with the known three-dimensional structure of the bacterial 
reaction center, led Michel and Deisenhofer^ to suggest that D1 and D2 formed a heterodimer in photo- 
system II just as the L- and M-subunit do in the bacterial reaction center and, therefore, the D1/D2 
complex is the structural and functional analogue of the L/M-complex. 

Fig. 3 allows us to directly compare the amino-acid sequences of the L- and M-subunits of Rp. viridis, 
shown previously in Chapter 3, with those of the D1 and D2 proteins of spinach. Here the sequences for 
the L- and M-subunits are aligned with those of the D1 and D2 subunits to show the homology of certain 
amino-acid residues between the various subunits. The residues of each transmembrane a-helix in the 
Rp. viridis reaction center are marked by a bracket above the sequence for the L-subunit and below the 
sequence for the M-subunit. The residues ofthe short a-hel ices in D1 and D2, namely CD connecting the 
major helical segments C and D and DE connecting D and E, are marked by dashed brackets (also see 
Fig. 4). Although the overall homology between D1/D2 and L/M subunits is actually relatively low 
(-10% ofthe amino acids), a high degree of local homology is revealed in many specific regions, par- 
ticularly those in the vicinity ofthe binding sites for various cofactors, as indicated by the many boxed- 
in residues along the sequence. 

Cognizant ofthe amino-acid sequence homology between the D1/D2 and L/M proteins and knowing 
the three-dimensional structure of the reaction center of the photosynthetic bacterium Rp. viridis, Svensson, 
Vass, Cedergren and Styring"^ were able to use computer modeling to construct the folding patterns to be 
expected for the D1 and D2 proteins, as shown in Fig. 4. Although the original construction was intended 
to predict the structure of the regions involving cofactors for oxygen evolution, the protein folding 
patterns shown here are of general interest for the entire PS -II reaction-center complex. Figs. 3 and 4 are 
complementary to each other and should be viewed in tandem for these discussions. 

In the computer-modeled arrangement in Fig. 4, the amino acids that are not conserved between the 
corresponding bacterial and PS-II subunits are represented by open circles, while the conserved ones are 
represented by the respective amino-acid symbols. Both D1 and D2 are hydrophobic proteins with five 
major transmembrane a-lielices (A-E) each. D1 also has two shorter a-helices CD and DE which con- 
nect helices C and D and D and E, respectively. The N-terminus of each protein, the plastoquinones, and 
the nonheme iron atom are all located near the stromal side, while the secondary electron donors Y/ and 
Yd are near the lumenal side. 

Amino-acid residues which are predicted to serve as binding site either for the Mg atoms ofthe special 
chlorophyll pair functioning as the primary donor or for other cofactors are highlighted with asterisks 
above them (in helix E) or alternatively as white letters inside black rectangles in Fig. 4. The primary 
donor P680, in particular, is coordinated to histidine residue His-198 of D1 as well as to His-198 of D2. 
The 9-keto carbonyl of the active O, analogous to the active BO in purple bacteria, is probably coordi- 
nated to Glu-130 on D1 near the stromal side via hydrogen bonding. The primary plastoquinone Qy\ 
binds to the loop between the D- and E-helices in D2 while the secondary plastoquinone is bound to 
the loop between D and E in D1 helices. Thus in many respects the D1/D2 protein in PS II, with its own 
proper cofactors, corresponds to the L/M protein in purple bacteria. 

Despite the many similarities between the L/M complex and the D1/D2 heterodimer in regard to the 
primary electron donor and electron acceptors, the corresponding reaction centers apparently have sev- 
eral significant differences. The bacterial reaction center consists of three subunits, L, M and H, but a 
subunit comparable to the H-subunit is not present in PS II. Also, no counterpart to Cyt b559 found 
tightly bound to the D1/D2 heterodimer had yet been found in the L/M complex. 
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Many of the significant differences between the D1/D2 heterodimer of PS II and the bacterial L/M 
complex can be attributed to the fact that PS II evolves oxygen from the splitting of water, a process in 
which a number of special cofactors are involved. Another major difference is the requirement of HCO3 
forPS-II reactions, but not for bacterial RC. The active cofactor which mediates the flow of electrons 
from the manganese cluster to oxidized P680 has been identified as tyrosine- 161 on D1 (Note that it was 
called “Z” before it was identified as a tyrosine, whose one-letter symbol is “Y”). The other donor Yp, 
which is not in the usual electron-transport pathway, has been identified as tyrosine-160 on D2. Interest- 
ingly, but not surprisingly, the active Yz and the active electron acceptor O are both associated with the 
major subunit Dl, the counterpart of the active L-branch in photosynthetic bacteria, whereas Yp and the 
inactive O are bound to D2, the counterpart of the M-branch. The location of the manganese cluster with 
respect to binding to specific protein residues is not precisely known, as functionally active, manganese- 
binding protein has not yet been identified. The current consensus is that manganese is bound to the Dl/ 
D2 heterodimer and more likely to Dl rather than D2, since when the Dl protein is selectively damaged 
under stress by high-intensity light, all four manganese atoms in the cluster are released from the thyla- 
koid. Site-directed mutagenesis experiments with the cyanobacterium Synechocystis {sp. PCC 6803) 
indicate that the Mn-cluster is ligated by Asp-170, His-332 and Asp-342 of Dl (refer to Fig. 4). 

A detailed discussion of the binding of specific amino acids to the various cofactors will be deferred to 
later chapters. The concept of subunits Dl and D2 of PS II being the structural and functional analogues 
of the L- and M-subunits of photosynthetic bacteria has clearly gained ample support since it was first 
proposed and has been reinforced by the timely preparation of a photochemically active PS-II reaction- 
center particle composed of Dl, D2 and Cyt b559 by Nanba and Satoh^ in 1987. 

II. B. Three Dimensional Structure 

Many workers have attempted to prepare crystals of the PS-II RC but have not yet been successful in 
obtaining sufficiently large and at the same time highly-ordered crystals suitable for X-ray diffraction 
studies of the structure at the atomic level. Research in this area up to 1996 has been reviewed by 
Hankamer, Barber and Boekema^*. However, the results of some initial reports on the successful crys- 
tallization of the PS-II reaction-center complex were presented by Zouni et al^ and by Adir^ at the Xlth 
International Congress on Photosynthesis in Budapest in 1998. More recently Zouni, Jordan, Schlodder, 
Fromme and Witt^ reported that crystals with size up to 1 mm, suitable for X-ray structural analysis, 
have been isolated from the thermophilic cyanobacterium Synechococcus elongatus. Equally important, 
crystals of the PS-II reaction-center core apparently fully retain their functional organization. Zouni et 
al. measured both oxygen evolution (OE) and proton transport with microcrystals of<100-|im size; a 
suspension of microcrystals of low optical density allows measurements under saturating flash intensi- 
ties. The PS-II crystal suspension gave, for each flash, an oxygen-evolution activity of'/402per 66 Chi 
molecules and one proton released per 67 Chi molecules. The results thus yielded the expected 
ratio of 4. The crystals are highly stable: the relative OE activity decreased -30% after 10,000 flashes, 
compared with -70% decrease with PS-II complex in solution. This exciting report has opened another 
new chapter on the inner workings of the oxygen-evolution apparatus. 

In the meantime, alternative approaches have been made for the structure determination of the PS-II 
reaction-center complex. The techniques used for these studies include computer modelling, electron- 
microscope imaging, and electron crystallography; a brief summary will be presented here. 

Eirst we show in Eig. 5 a ribbon model ofthe three-dimensional structure ofthe PS-II reaction center 
of Pisum sativam (pea) generated by computer modeling in Pig. 5. This model was constructed by 
Ruffle, Donnelly, Blundell and Nugent^, using information drawn from the crystal structures ofthe 
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Fig. 5. Computer generated, three-dimensional model of the PS-II reaction center (left) consisting of D1 (shadowed) and D2 
proteins. A bicarbonate ion has been added to the nonheme-iron site. For comparison, the ribbon model for Rp. viridis is shown at 
right. The L- and D1-subunits are shown single-underlined, while those of the M- and D2-subunits are double-underlined. The 
computer-generated PS-II reaction center model is adapted from Ruffle, Donnelly. Blundell and Nugent (1992) A three-dimen- 
sional model of the photosystem It reaction centre ofPisum sativum. Photosynthesis Res 34: 294. The bacterial reaction-center 
model is from Sinning (1992) Herbicide binding in the bacterial photosynthetic reaction center. Trends Biochem Sci 17; 151. The 
bicarbonate modelling is according to Xiong, Subramaniam and Govindjee (1996) Modeling of the D1ID2 proteins and cofactors 
of the photosystem II reaction center. Implications for herbicide and bicarbonate binding. Protein Sci 5: 2058. A color diagram of 
the three-dimensional structure of the PS-II reaction center kindly provided by Drs. Jin Xiong and Govindjee is shown in Color 
Plate 8. 

analogous photosynthetic reaction centers of Rhodopseudomonas viridis and Rhodobacter sphaeroides. 
The ancestral relationship between the bacterial and green-plant polypeptide sequences allowed the L- 
and M-subunits to be used as structural templates for D1 and D2, respectively. The PS-II model is -75% 
complete, with only the C- and N-terminal regions missing and the portions of loops between the trans- 
membrane helices not accounted for. 

The experimentally determined crystal structure of the L/M complex of Rp. viridis is presented along 
side the D1/D2 complex in Fig. 5 for comparison. The homologous region of the D1/D2 model shows a 
strong similarity to the bacterial reaction center with respect to the arrangement of the transmembrane 
helices. For comparison purposes, the PS-II model is shown reversed in both the vertical and horizontal 
directions from the originally published orientation, so that the stromal side is toward the top ofthe page 
and the L- and Dl-helices, as well as M- and D2-helices, are on the same side. As seen in Fig. 5, each PS- 
II cofactor is in the same orientation and position relative to its counterpart in the bacterial reaction 
center. The computer-generated protein folding patterns, as well as the specific locations predicted for 
each cofactor in the PS-II reaction center, not only serve to predict certain structural features in PS II, but 
would be expected to be useful for designing site-directed mutagenesis experiments in structure-func- 
tion correlation studies. 

Subsequently, Vermaas, Styring, Schroder and Andersson*° extended the computer modeling work of 
Svensson et al.^, as described above in Fig. 4, to construct a more detailed structural model for the PS-II 
RC, again using \h&Rp. viridis L/M-complex as the model. Based on site-directed mutagenesis studies, 
their model assigned amino-acid residues Asp-170, Gln-165 and Gln-189 of D1 and Glu-69 ofD2 as 
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potential ligands for manganese. More recently, Xiong, Subramaniam and Govindjee" constructed a 
complete three-dimensional model for the PS-II RC core consisting of the D1/D2 subunit and all the 
important functional cofactors. Among the features of this newer model are: inclusion of a p-carotene, 
details of the binding of the herbicide DCMU in the Qp-binding niche and placement of a bicarbonate 
anion at the nonheme iron site, and thus providing a bidentate ligand for the iron. A bicarbonate serving 
as a fifth iron ligand was previously suggested by Michel and Deisenhofer'^ and subsequently experi- 
mentally confirmed by Diner and Petrouleas'^ A color figure of the three-dimensional structure of the 
PS-II reaction-center constructured by Xiong et al}^ is shown in Color Plate 8. 

Electron microscopy (EM), in combination with computer-assisted image analysis, has been success- 
fully applied to the study of photosynthetic protein complexes such as those of the PS-I RC core com- 
plex (see Chapter 26), and the CEi part of ATP synthase (see Chapter 36). Although electron microscopy 
yields only low-resolution results compared with X-ray crystallography, it has the advantage that two- 
dimensional crystals can be used and it is possible, at an available resolution of ~20 nm, to characterize 
an individual subunit and its location in membrane-protein complex. Eollowing the successful use ofthis 
technique to reveal the trimeric organization of the PS-I reaction-center complex (see Chapter 26), 
Boekema, Hankamer, Bald, Kruip, Nield, Boonstra, Barber and Rogner*"^ applied electron microscopy to 
examine the topology of various PS-II reaction-center complexes. PS-II core complexes were isolated 
from both cyanobacterium Synechococcus elongatus and spinach, both yielding particles with a molecu- 
lar mass of -450 kDa. Another form of the complex with a molecular mass of -240 kDa was also 
obtained from the spinach preparation. In addition, spinach particles containing the core complex plus 
EHC II were prepared from the oxygen-evolving spinach membrane by treatment with dodecyl maltoside 
followed by fractionation by sucrose-density centrifugation. This particle was designated as “PS-II 
supercore complex,” or simply the “supercomplex.” A summary of the results of electron-microscopic 
image analysis for the various PS-II complexes is presented in Pig. 6 (A to D). 

The 450-kDa PS-II core complexes, as expected of both S. elongatus and spinach were found to be 
oxygen-evolving, each consisting of Dl, D2, the Cyt b559 heterodimer, and the Chl-proteins CP43 and 
CP47 [Pig. 6 (A)]. The similarity in size and shape of both the cyanobacterial and spinach complexes is 
consistent with their similar protein composition and their PS-II functionality. Both samples appear to 
be dimers, as suggested by the twofold axis of rotational symmetry normal to the projection plane. The 
dimeric structure was further confirmed by analysis ofthe 240-kDa spinach complex [Pig. 6 (B)], which 
is clearly one half the size ofthe larger core complex of Pig. 6 (A). The dimeric core complex, after 
correction for the detergent layer, has dimensions of 17.2 nm x 9.7 nm in the projection plane. 

Samples ofthe PS II/PHC II supercomplex are dominated by particles of -700 kDa molecular mass. In 
the projection view in Pig. 6 (C) it measures 26.8 nm x 12.3 nm when corrected for the detergent layer. 
This supercomplex is apparently the dimeric PS-II RC core extended at each end with a peripheral 
“flap,” each approximately 6 nm in height and consisting ofthe light-harvesting complexes. This assign- 
ment is consistent with the finding that the supercomplex particle contains, in addition to the PS-II core, 
the light-harvesting complexes CP24, CP26, CP29 and PHC II. Pig. 6 (D) shows the PS II/PHC -II 
supercomplex from which the Phcb set on one of the two flaps has been omitted. This partial supercomplex 
lacks the twofold rotational symmetry of the whole complex but its core region retains a twofold sym- 
metry and resembles the core dimer in Pig. 6 (A). It is also worth noting that complexes ofthis type are 
predominantly obtained when mild detergent treatment is used in the preparation ofthe supercomplex. It 
is now widely accepted that the supercomplex consisting of the core dimer and two copies of the light- 
harvesting complexes is present in vivo. This is also supported by the fact that a PS-II core monomer 
with a bound PHC-II complex has not yet been observed^^. Purthermore, freeze-etch images reported 
earlier by Seibert, DeWit and Staehelin ° showing the “EPs” particles corresponding to PS-II complexes 
in the thylakoid membrane appears most likely to be of dimers. 
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Fig. 6. Illustration of the top-view projection maps of spinach (A-D) and cyanobacterial (E) PS-II complexes obtained from single 
particle averaging of electron-microscopic Images: (A) a dimeric PS-lf core complex (450 kDa) with each subunit consisting of 
CP47, CP43, D1 , D2, Cyt b559, and the 33-kDa extrinsic protein; (B) a monomeric PS-II core complex (240 kDa) half the size and 
with the same subunit composition as the dimeric core complex; (C) a PS ll/LHC II supercomplex consisting of the dimeric PS-II 
core complex and two sets of Lhcb proteins located in the two peripheral flaps, (D) a PS 11/LHC II supercomplex consisting of the 
dimeric PS-II core complex and only one set of Lhcb proteins; (E) proposed locations of the major components of photosystem II 
in the PS ll/LHC II supercomplex. The localization is based on structural information obtained from electron crystallography as 
well as biochemical and crosslinking data. See text for other details. Image (C) adapted from Eijkelhoff, Dekker and Boekema 
( 1 997) Characterization by electron microscopy of dimeric photosystem II core complexes from spinach with and without CP43. 
Biochim Biophys Acta 1321; 18; images in (A), (B) and (D) derived from (C). Figure (E) from Barber (1998) Photosystem two. 
Biochim Biophys Acta 1 365: 275. A color figure for (E) kindly provided by Dr. James Barber is shown in Color Plate 9. 
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The 33-kDa extrinsic polypeptide that is known to stabilize the manganese cluster in the oxygen- 
evolving complex has been identified in the EM-image with and without this polypeptide present in the 
complex. Top-view images were obtained separately from both Tris-washed (free of the 33-kDa polypep- 
tide) and unwashed PS-II core dimers, and the difference image obtained by subtracting one set from the 
other enabled the region with a change in density be identified with the 33-kDa polypeptide, as indicated 
in Fig. 6 (E). Another extrinsic polypeptide of23-kDa molecular mass has recently been mapped by a 
similar procedure. The PS II/EHC II supercomplex, isolated by sucrose-density gradient centrifugation, 
contains the bound 33-kDa subunit but apparently lacks the 17- and 23-kDa extrinsic polypeptides of the 
oxygen-evolving complex. Boekema, Nield, Hankamer and Barber’^ found that by adding 1 M glycine 
betaine to the sucrose-density gradient, the resulting supercomplex contained both the 33- and 23-kDa 
polypeptides and had an oxygen-evolving activity on a chlorophyll basis twice that of the supercomplex 
lacking the 23-kDa polypeptide. By comparing images obtained with the supercomplex isolated in the 
presence and absence of glycine betaine, the location of the 23-kDa polypeptide could be established 
from the difference image, as indicated in Fig. 6 (E). The two 33-kDa polypeptides associated with the 
dimeric supercomplex are separated by 6.3 nm, and the corresponding distance between the two 23-kDa 
polypeptides is 8.8 nm. 

The locations ofCP43 and CP47 in the PS-II RC dimer core have been similarly identified by Morris, 
Hankamer, Zheleva, Friso and Barber^^ using two-dimensional crystals prepared from a PS-II “subcore” 
dimer complex containing D I , D2, Cyt b559 and CP47 after reconstitution with purified thylakoid 
lipids. This subcore dimer complex is designated as “PS-II RC-CP47,” or simply “CP47-RC” as in the 
original reference'^. By comparing projection images ofthe two-dimensional crystals formed by PS-II 
dimer cores containing, in one case, both CP43 and CP47 and, in the other, only CP47, both CP43 and 
CP47 could be localized within the core complex. Furthermore, CP43 and CP47 of the core complex 
apparently serve as linkers for the light-harvesting complex. The location of the various proteins in 
PS-II supercomplex as currently understood are shown in Fig. 6 (E). The FHC-II complex, whose struc- 
ture and properties have recently been determined by high-resolution electron crystallography [see Chapter 
12] fits snugly into the area indicated in Fig. 6 (E), with CP46 and CP29 fitting in the remaining areas. 

Recently, a new kind of electron microscopic technique called “scanning tunneling microscopy” (STM) 
has Joined forces in the study ofphotosynthesis. The scanning tunneling microscope, which can generate 
images ofthe topography ofsurfaces with atomic resolution, was invented by Gerd Binnig and Heinrich 
Rohrer'^ at IBM Zurich Research Faboratory. Its operation is based on electron tunneling between a 
needlelike metal tip and the surface of a sample. When the tip and the sample surface are brought to 
within a few angstroms of each other the electronic wave functions ofthe tip and the sample overlap and 
electrons can “tunnel” through the potential barrier formed by the gap between the tip and the sample 
surface. The resulting “tunneling current” and its direction are dependent on the voltage applied to the 
sample and the size of the gap. An image is generated by scanning the tip over the specimen with 
angstrom-level control, and by varying the sample-to-tip distance to maintain the tunneling current to a 
pre-set level (“constant current mode”) surface contours are generated much as a TV-raster. Thus three- 
dimensional maps of the surface may be obtained from images of successive scans. STM has been 
widely used to investigate the atomic structure and electronic properties of the surfaces of ordinary 
solids, but has rarely been applied to biological materials'^. 

Mike Seibert’^’ was the first to obtain a STM image showing the dimeric structure ofthe PS-II RC, his 
results adding new support to the proposal that PS-II RC is present as a dimer in vivo. More recently, 
Fukins and Oates^'* reported 3 A-resolution STM images of an oxygen-evolving membrane and a PS-II 
RC core complex prepared according to van Feeuwen et Because of complications arising from 
low conductivity and thus low tunneling current and other problems associated with working with a 
biological specimen, the so-called “quasi-constant-height” mode was used to allow direct STM images 
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to be obtained while the significance and assignment of the image features were determined by “scan- 
ning tunneling spectroscopy” (STS) [a tunneling current-v-?. -voltage relationship]. The conductivity re- 
quirement for STM was partially met by the unusual photoconductive and electronic properties of PS II, 
properties that allow it to be distinguished “spectroscopically” from other biological and substrate mate- 
rials present. 

The STM specimen was prepared by dispersing a suspension of the PS-II complex onto a freshly 
cleaved crystal surface of highly oriented pyrolytic graphite. All STM/STS experiments are made under 
ambient conditions. Lateral resolution for the probe tip movement is -0.2 to -2 A and the vertical 
resolution is <0. 1 A. Image resolution in these experiments is typically -3 A. As an illustration, the 
“scanning tunneling microscopy” {STM) images obtained by Lukins and Oates^° for the PS-II RC core 
are reproduced in Fig. 7. The STM image in Fig. 7 (A) shows the internal structure and the symmetric 
dimeric configuration in a single PS-II RC core with overall dimension of 18.9 nm x 9.4 nm when 
corrected for the detergent layer. For this PS-II core apparently containing no LHC II, the measured 
dimensions agree well with the values of 17.2 nm x 9.7 nm determined previously for a similar dimer 
core by electron microscopy^'. The original color figure reproduced in Fig. 7 (A) is labeled for the actual 
color gradation, with an arrow to indicate the direction of increasing tunneling current. 

Fig. 7 (B) shows the arrangement and assignment of the PS-II core subunits, with markings added to 
outline the shape and size for all six observed internal subunits. The overall shape and size is in good 
agreement with that reported previously by Boekema et al}"^ from EM measurements. The assignment is 
made primarily based on STS results in conjunction with biochemical data. For instance, the assignment 
for the D1/D2 region is essentially based on STS evidence. The 33-kDa extrinsic protein is assigned to to 
the -3-5 nm protrusion in the vertical direction. Although the Cyt-b559 region is both structurally and 
spectroscopically different from the D1/D2 region, both regions are at a similar height. 

Judging from available experimental results as reported so far, one can expect STM/STS to be a poten- 
tially powerful tool for further applications. The high resolution of STM should in general be able to 
yield “single-molecule” images of photosynthetic complexes as has already been shown here. Further 
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Fig. 7. Structure of the oxygen-evolving PS-II core complex. (A) Scanning-tunneling-microscopic (STM) image showing the inter- 
nal structure and symmetric dimer configuration with overall dimension of 23.9 nm x 14.4 nm (uncorrected for detergent layer). 
The original color figure reproduced here is labeled for the color gradation; tunneling current increases in the direction from black 
(B) to red (R) to orange (O) and white. (B) Arrangement and assignment of the core subunits in outlined regions of different sizes. 
See text for details. Figures adapted from Lukins and Oates (1998) S/ng/e molecule high-resolution structure and electron conudction 
of photosystem II from scanning tunneling microscopy and spectroscopy. Biochim Biophys Acta 1409: 6 
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more, STM is attractive in that only a single particle (e.g., the PS-II core) is needed instead of a two- 
dimensional crystalline array or a three-dimensional crystal that is required by other techniques; also the 
specimen is under normal thermodynamic and hydration conditions. Studies to characterize either elec- 
tron conduction or the tunneling mechanism are further possibilities. 

III. Topics on Photosystem II and Oxygen Evolution 

Fig. 8 presents an outline of the topics to be presented on photosystem II and oxygen evolution in the 
remainder of Parts III .A. and III.B. of this book. The next chapter (#12) will deal with the light-harvest- 
ing chlorophyll proteins, the structure-function relationships for the core antennas CP47 and CP43, the 
major Chi aA) binding protein complex (LHC II) and the three so-called accessory chlorophyll proteins. 
The recently determined crystal structure of LHC II will also be discussed. Chapter 13 will discuss the 
functional role of carotenoids. Phycobilisomes, the supramolecular assembly serving as a light-harvest- 
ing complex in cyanobacteria and red algae, will follow in Chapter 14. Chapter 15 will begin with the 
primary electron donor P680 of PS II. Cyt b559, a component present near the oxidizing side of P680, 
will also be discussed there. 

Following the same practice we adopted for presenting bacterial photosynthesis, we will discuss in 
Chapter 16 the so-called “stable” primary electron acceptor, plastoquinone Qa, before discussing the 
earlier acceptor, <I). This is partly for chronological reasons, as plastoquinone was initially considered to 
be the primary electron acceptor since it was readily detected and displayed a behavior consistent with 
that expected of the primary acceptor, at least with the time resolution available at the time. The second- 
ary electron acceptor, plastoquinone Qb, will form the second half of the same chapter. Chapter 17 deals 
with the primary electron acceptor pheophy tin (O), which is also often called the intermediate electron 
acceptor (abbreviated as “I”) because it receives an electron directly from excited P680 before transfer- 
ring it to Qa. 
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Fig. 8. Topics on photosystem II and oxygen evolution discussed in Parts lll.A. and III.B. of this book. 
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The subject of oxygen evolution forms Part III.B. of this book. It begins with Chapter 18 on oxygen 
evolution and it is followed by Chapter 19 on manganese and oxygen evolution and Chapter 20 on UV 
absorbance changes associated with the S-state transitions. Chapter 21 discusses the extrinsic polypep- 
tides and inorganic ionic cofactors that are essential for oxygen evolution. Chapters 22 and 23 deal with 
EPR spectroscopy and optical spectroscopy, respectively, of the electron donor(s) to P680’ in Photosys- 
tem II. Part III.B. will conclude with Chapter 24 on charge recombination in photosystem II and ther- 
moluminescence. 
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Light reactions taking place in photosynthetic reaction center depend on a supply of light energy 
harvested by a number of antenna chlorophyll-protein complexes. The arrangement of these complexes 
in photosystem II is similar to that in the photosynthetic purple bacteria discussed earlier in Chapter 3. 
Basically, there is a core antenna complex closely associated with the reaction center, plus some slightly 
more distant, peripheral antenna complexes. 

As discussed in Chapter 1, the photosynthetic apparatus that carries out the light-driven reactions in 
photosystem II in green-plant chloroplasts resides in the portion of the flattened thylakoid membranes 
called grana, these thylakoid regions being interconnected by the so-called stroma lamellae (see Figs. 
13, 18 and 21 in Chapter 1). As illustrated in Fig. 1 (A) here, the major membrane components in the 
thylakoid membrane include (a) the PS-II complex consisting of the reaction center, the associated core 
antenna and the peripheral, Chi a/b binding LHC II complex, (b) the photosystem-I core complex con- 
sisting of the reaction center and its core antenna, (c) the cytochrome bj~ complex, and (d) the non- 
pigmented, ATP synthase complex. As described previously in Chapter 1 , extensive investigations by 
electron microscopy in conjunction with biochemical studies indicate that the 16 nm-diameter particles 
as well as photosystem-II activity are localized in the stacked lamellar region. 

The situation in PS II is somewhat more complicated than in photosynthetic bacteria, particularly in 
the number and variety of the complexes. A detailed view of the arrangement of the various antenna 
complexes in PS II is presented in Fig. 1 (B) [also cf Fig. 6 (E) in Chapter 11]. 
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I. Photosystem-ll Light-Harvesting Chiorophyii-Protein Compiexes 



The light-harvesting complexes ofphotosystem II may be divided into the following three categories: 



(1) The Chi fl-containing, core antennas CP47 and CP43 that are most closely associated with the reac- 
tion center (CP stands for chlorophyll protein, the number referring to the molecular mass of t h e 
complex in kDa, usually determined by electrophoresis). 

(2) The minor Chi a/b binding proteins, namely CP29, CP26 and CP24., which occupy an intermediate 
position between the core antennas of(l) above and the peripheral antenna in (3) below. 

(3) The outermost Chi a/b binding proteins, called “LHC II” (light-harvesting complex associated with 
photosystem H). 



These three antenna groups, i.e., the core complexes, the minor complexes (CP29, CP26 and CP24) 
and LHC II, account for 14, 15 and 67 %, respectively, of the total chlorophyll in photosystem II. Note 

also that the peripheral light-harvesting complexes have 
the highest Chi fe/Chl a ratio, this ratio decreasing in 
the direction toward the core antenna, i.e., LHC II> 
CP24>CP26>CP29, with the two core antenna com- 
plexes CP43 and CP47 containing Chi a but containing 
no Chi b at all. For reference purpose, we list in the 
table at left the names used in this book and the alterna- 
tive nomenclature used in photosynthesis literature'. 



Names in use 


AKernative names 


M.M. kDa 


Gene 


CP47 




47 


psbBf.C) 


CP43 




43 


psbC(C) 


CP29 


LHC lla 


29 


Lhcb4(\i) 


CP26 


LHC lie 


26 


LhcbS{<H) 


CP24 


LHC lid 


24 


Lhcb6(H) 


LHC II 


[LHC llb-28 kDa 


28 


Lhcbl (N) 


1 LHC llb-27 kDa 


27 


Lhcb2(U) 


(LHC 11-25 kDa) 


LHC llb-25 kDa 


25 


Lhcb3(H) 



I. A. The Core Antenna Complexes CP47 and CP43 

The core antennas CP47 and CP43 are Chl-o proteins that participate in both light harvesting and 
transfer of energy to the reaction center of photosystem II, with CP47 interacting more directly and more 
strongly with the reaction center than CP43. While the number of the other antenna complexes per PS-II 
reaction center is somewhat variable, there is always one CP43 and one CP47 complex per reaction 
center, i.e., per D1/D2 heterodimer. CP47 and CP43 migrate on SDS-PAGE with apparent molecular 
weights of 45 -51 kDa and 40-45 kDa, representing, in reasonable agreement with their molecular masses 
(5 1 and 44 kDa) derived from the nucleotide sequences of their respective genes pscB and pscC. Each 
polypeptide contains 10-12 conserved histidine residues that bind the chlorophyll molecules via ligation 
to the Mg atoms. In addition to light harvesting, these complexes may also serve to anchor proteins in 
certain PS-II reaction-center complexes. CP47 and CP43 consist of ~I90 and ~I30 amino acids, respec- 
tively. Hydropathy-plot analysis of their amino-acid sequences shows that both polypeptides have six 
transmembrane a-helices, each polypeptide having a large hydrophilic domain between the last two 
helices. These large loops are exposed to the inner thylakoid surface on the lumen side and it has been 
suggested that they may serve as anchors for the three extrinsic proteins and the manganese cluster that 
are involved in oxygen evolution [see Pig. 1 (B)]. 



I.B. The Minor Chi a/b Binding Complexes CP29, CP26 and CP24 

The three minor types of Ch\-a/b binding proteins are somewhat more distant from the reaction cen- 
ter, with CP29 and CP26 slightly closer to the reaction center than CP24, as determined by freeze-etch 
EM experiments and as indicated in Pig. 1 (B). Each of the three minor Chi a/b complexes binds 
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ATP PS-I PS-II LHC II Cytochrome 




Fig. 1. Models for the light-harvesting complexes surrounding the PS-II reaction center in the thylakoid: (A) Simplified model of the 
thylakoid in cross section, (B) More detaiied model of PS II. (A) taken from Fig. 21 (A) in Chapter 1. The light-harvesting compiex 
portion in (B) adapted from H-E Akerlund (1993) Function and organization of phofosysfem II, In-. C Sundqvist and M Ryberg (eds) 
Pigment-Protein Complexes in Plastids.- Synthesis and Assembly, p 419. Acad Press. 

~5% of the total PS-II chlorophylls. These light-harvesting complexes, also collectively called the “ac- 
cessory chlorophyll proteins” or “ACP,” are encoded by nuclear genes [see table on previous page]. The 
intermediate location of these complexes suggest they may have a role as linkers, or anchors, for the 
peripheral LHC II. Unlike LHC II, however, these minor Chi a/b complexes do not become phosphory- 
lated under high light conditions (see Section III below), which is consistent with the notion that they are 
more closely associated with the inner core antenna complex than is LHC II. 

/. C. The major Chi a/b Binding Protein Complex LHC II 

On a chlorophyll basis, the Chi a/b binding protein LHC II is the major component of the thylakoid 
membrane and, though located farthest from the reaction center, is the major light-harvesting antenna of 
photosystem II. In addition to harvesting light, LHC II is also known to play a role in membrane stack- 
ing, which has consequences in the regulation of the distribution of energy between the two photosys- 
tems (see Section III below). 
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LHC II was discovered more than thirty years ago hy Ogawa, Ohata and Shihata^, and independently 
hy Thornher, Smith and Bailey^ as a green hand on the SDS-gel of detergent-treated spinach chloro- 
plasts, and originally designated as “CPU.” The literature on LHC II has now become voluminous; there 
are prohahly more papers published on LHC II than on any other thylakoid component. 

Each monomer subunit of a LHC II [see Fig. 1 (A)] has a molecular mass of ~25 kDa and contains 15 
Chi molecules - 8 Chi a and 7 Chi b - plus two xanthophyll molecules called the luteins. The LHC-II 
complexes contain about half of the total PS-I and PS-II chlorophyll and -30% ofthe thylakoid protein, 
making it probably the most abundant membrane protein of green plants. LHC II is heterogeneous, 
consisting of two kinds of polypeptides with molecular masses of 25-kDa and 27-kDa, as revealed by 
SDS-PAGE. This is consistent with the finding that LHC II proteins are encoded by multiple nuclear 
genes. As discussed below in Section II, Kiihlbrandt and coworkers^^ have recently determined the 
detailed structure ofthe LHC II antenna complex by electron crystallography. 

The LHC II antenna functionally exists as either an inner or a more peripheral component. An inner 
(“i,” also called “bound”) LHC II contains exclusively the 27-kDa apoprotein and is located closer to the 
PS-II reaction center. The other, more peripheral or outer complex (“o,” also called “mobile”) contains 




Fig. 2. (A) A hydropathy plot of the amino-acid sequence of pea LHC II. (B) A sketch ofthe amino-acid sequence of the LHC II from 
Lemna gibba (an aquatic monocot). (A) from R BOrgi, F Suter and H Zuber (1 987) Arrangement ofthe light-harvesting Chlorophyll 
a/b protein complex In the thylakoid membrane. Biochim Biophys Acta 890: 348; (B) from GA Karlin-Neumann, BD Kohorn. JP 
Thornber and EM Tobin (1985) A chlorophyll a/b-protein encoded by a gene containing an intron with characteristics of a trans- 
posable element. J Mol AppI Genet. 3: 58, 
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predominantly the 25-kDa apoprotein. The outer, 25-kDa antenna complex can become detached from 
PS II upon phosphorylation (see Section III below). 

The LHC-II polypeptide is an integral membrane protein. A hydropathy plot of the amino-acid 
sequence of pea LHC II, as shown in Fig. 2 (A), suggests the presence of three hydrophobic transmem- 
brane a-helices. The regions of the presumed, helix-forming residues are marked by horizontal bars in 
the figure. A schematic sketch of the conformation of the amino-acid backbone of LHC II from Lemna 
gibba (an aquatic monocot) is shown in Fig. 2 (B). This conformation is supported by results from 
mutagenesis studies and chemical-labeling experiments and also subsequently by high-resolution elec- 
tron microscopy and by the even more recent structure determination by electron crystallography. 



II. Crystal Structure of LHC II 

In 1987, Kiihlbrandt"^ succeeded in preparing large, two-dimensional crystals of LHC II. Subsequently 
Kiihlbrandt and Wang^ applied the rather new technique of electron crystallography, developed earlier 
by Henderson and Unwin^ for determining the structure of bacteriorhodopsin, to examine the structure 
of LHC II at a resolution of 6 A. Their work revealed the presence of three transmembrane a-helices in 
LHC II (see topography in Fig. 3), consistent with the predictions based on the hydropathy plots shown 
in Fig. 2. Helices A and B were found to be ~46 A and ~49 A long, respectively, corresponding to 31 and 
33 amino-acid residues, i.e., substantially greater than the 20-22 predicted in Fig. 2. The helices A and B 
come within ~ 10 A of each other and their axes are inclined at 25° and 31°, respectively, relative to the 
membrane normal, but in opposite directions, i.e., rotated about a mutually perpendicular axis, forming 
a “supercoil,” as shown in Fig. 3. Helix C is shorter, ~30 A long, corresponding to ~20 amino acids, and 
its axis is inclined -30° relative to the membrane normal. Counting from the N-terminus, the amino-acid 
chain follow the sequence B-C-A. 




Fig. 3. Topography of the LHC-II polypeptide in the photosyn- 
thetic membrane. The order of the three helices in the polypep- 
tide sequence is B-C-A. Figure adapted from KQhlbrandt and Wang 
( 1 992) Three-dimensional structure of plant light-harvesting com- 
plex determined by electron crystallography. Nature 350; 133. 



Although the information obtained at 6 A resolution was insufficient to locate the porphyrin rings of 
chlorophyll with precision, it appears that it could be concluded that the axes of the porphyrin planes are 
probably oriented at least approximately perpendicular to the membrane plane and the center-to-center 
distances between nearest neighbor chlorophylls are between 9 and 14 A. Also, the binding state of the 
15 chlorophyll molecules could not be established since at the time only three histidines, the usual 
ligands for the Mg-atom of chlorophylls, were known to be contained by the polypeptide. 
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II. A. Polypeptides of the LHC II Subunit 

A refined structure determination of LHC II at 3.4 A resolution by Kuhlbrandt, Wang and Fujiyoshi^ 
in 1994 revealed additional features in the light-harvesting complex. The higher resolution was afforded 
by the use of an electron microscope with a specimen stage cooled with liquid helium to 4.2 K. A side 
view ofthe LHC II monomer structure and the corresponding representation ofthe amino-acid sequence 
are shown in Figs. 4 (A) and (B), respectively. The B-C-A polypeptide sequence is the same as that for 
the polypeptide in Fig. 3. It was now found that helix-B is 51 A long and includes 35 residues (from Pro- 
65 to Gly-89) in 9.5 turns and helix-A is 43 A long and includes 30 residues (from Pro-170 to Ile-199) in 
8 turns [see Fig. 4 (B)]. Both A- and B-helices start with proline and are inclined 32° relative to the 
membrane normal in opposite directions. Helix-C is 31 A long and includes 21 residues (from Ser-123 to 
He- 143) in 5.5 turns, but inclined only 9°, not 30°. The A- and B-helices were now determined to be 8.5 
A apart, and that the two helices intertwine to form a left-handed supercoil. An additional helix (helix 
D), containing only 10 residues (from Pro-205 to Ala-214) in ~3 turns, was found to be located at the 
interface between the hydrophobic interior and the thylakoid lumen. The secondary structure of two 
areas ofthe membrane-spanning protein has not yet been well resolved, one being theN-terminus which 
contains the regulatory phosphorylation site (see section III below) and the other undefined region being 
the loop between helices B and C [see Figs. 4 (A) and 5 (A)]. About 36% ofthe total number of 232 
amino-acid residues make up the transmembrane helices; the remainder are at or near the stromal and 
lumenal surfaces. 

II.B. The Chlorophyll Molecules 

Although biochemical analysis showed the presence of 14 chlorophyll molecules per monomer of the 
crystalline LHC II preparation, 8 Chi a and 6 Chi b, their electron-density map could only account for 12. 
The three porphyrin planes closest to each ofthe two luteins are within 3.7-4. 1 A. Since the 3.4 A 
resolution is still not enough to differentiate between Chi a and Chi b, Kuhlbrandt and coworkers made 
a reasonable guess and assigned these six porphyrins to Chi a molecules and the other porphyrins to Chi 
b molecules. Their reasoning was based on the known fact that Chi b transfers electronic excitation 
energy to Chi a very rapidly (and not vice versa) and that carotenoids are generally found to quench Chi 
a triplets rather than Chi b triplets. As seen in Figs. 4 (A) and (B) and the table to its right, and in Fig. 5 
(B), Chi cl, Chi c2 and Chi c3 (abbreviated as cl, c2 and c3) are in van der Waals contact with lutein 1 
(abbreviated as LI), and Chi c4, Chi c5 and Chi c6 [also Chi a7] (c4, c5, c6 and c7) are in van der Waals 
contact with lutein 2 (L2). The remaining porphyrins are assigned to Chls b and Chi c8. 

The binding mode ofthe chlorophyll molecules in the light-harvesting complex has been identified 
for only 8 ofthe 12 chlorophylls. These chlorophylls are attached to the polypeptide through coordina- 
tion of their central Mg-atoms either to the polar amino-acid side chains or the main-chain carbonyls in 
the hydrophobic interior ofthe complex. Only 2 ofthe 3 known histidines appear to serve as ligands: 
His-68 to c5 and His-212 (in helix D) to b3 [see Fig. 4 (B)]. Three amide side groups also serve as 
ligands: Gln-131 to b6, Asn-183 to c2 and Gln-197 to a3. Three charge-compensated glutamates, which 
form ion pairs with arginines either from the same helix [Glu-139/Arg-142] or from different helices 
[Glu-65/Arg-185 and Glu-180/Arg-70], bind b5, a4 and al, respectively [see Fig. 4 (B)]. Interestingly, 
through inter-helical ion-pair formation, a pair of glutamates can apparently serve the additional func- 
tion of binding helices A and B together. It seems likely that Chi a6 (or possibly also bl, b2 and bl) is 
ligated to the peptide carbonyl of Gly-78, with the possible intervention of a water molecule. 
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As previously noted, each LHC-II monomer contains two lutein molecules [see Figs. 4 (A) and Fig. 5 
(B)]. These two aU-trans polyene chains, each 30 A long, are in the highly hydrophobic environment of 
helices A and B, and are inclined at an angle of 50° relative to the membrane normal. The shortest dis- 




Chl - ligand 

Chla1-Glu180 
Chla2-Asn183 
Chi a3-Gln197 
Chi a4-Glu65 
Chi a5-His68 

Chi b3-His212 
Chl£»5-Glu139 
Chi b6-Gln131 



Fig. 4. (A) The side view of the LHC-II monomer in the membrane (lipid bilayer). The chlorophyll molecules are oriented nearly 
perpendicular to the membrane plane (the phytyl chains are omitted for ciarity). Two lutein molecules form an internal X-shaped 
brace. (B) A sketch of the amino-acid sequence of the LHC-il polypeptide and a listing of the known Chi-residue ligation. White 
letters inside black circles indicate amino-acid iigands to the chlorophylls [also see legend on the right side of (B)]. Note that the 
model in (B) is rotated 90' with respect to that in (A) about an axis normal to the membrane. Figure source; (A) KOhlbrandt, Wang 
and Fujiyoshi (1994) Atomic model of plant light-harvesting complex by electron crystallography. Nature 367: 618 and 620. 
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tance between the two luteins is ~11 A, the two luteins forming an X-like brace in the center of the 
polypeptide complex. As many of the amino-acid residues are used for ligating the pigment molecules 
present in the complex, the cross brace formed by the two luteins can help augment the structural rigidity 
ofthe polypeptide complex by linking the loops exposed on the opposite membrane surfaces. It is known 
that reconstitution of LHC II requires not only Chls a and b but, unexpectedly, xanthophylls as well. This 
can be explained by the finding that the two lutein molecules not only have a light-harvesting role but 
also an essential structural role in the assembly ofthe LHC II complex. The location ofthe carotenoid is 
also consistent with their role as a quencher of chlorophyll triplet which would otherwise lead to the 
formation of photoreactive singlet oxygen that can damage the thylakoid membrane. The structural 
features of the pigments can be further visualized from the stereo view of the LHC II complex in Fig. 5 
(A) and that ofthe pigment molecules alone in Fig. 5 (B). 
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Fig. 5. Stereograms of the LHC-II complex seen from the stromal side (A) dashed chain indicates a tentative fit of residues 100- 
116. (B) a corresponding stereo view of the chlorophyll and lutein molecules only. Figure source: KOhlbrandt, Wang and Fujiyoshi 
(1994) Atomic model of plant light-harvesting complex by electron crystallography. Nature 367; 61 8. 
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LHC II readily forms trimers, as found in vitro and in situ. The trimer configuration of LHC II, either 
in detergent-soluhilized solution, as two-dimensional crystals, or in the native, functional thylakoid 
membrane has been determined by various physical methods, including analytical ultracentrifugation, 
circular-dichroism spectroscopy, and electron microscopy in conjunction with image analysis. The sug- 
gestion made earlier in Chapter 3 that trimer configuration of the bacterial light-harvesting complex may 
be the most suitable configuration for the purpose of light harvesting, probably also applies to LHC II in 
green-plant photosystem II. 

A side view of the LHC II monomer and a side and top view of the LHC II trimer are shown in Fig. 6. 
The two views of the trimer in Fig. 6 bottom shows the trimer to be a compact cylindrical unit, ~70 A in 
diameter and 50 A high. The stromal surface appears very flat, whereas the lumenal surface appears 
somewhat corrugated. The chlorophyll molecules appear arranged in two layers near the stromal and 




Fig. 6. Top; LHC-II monomer, same as that shown in Fig. 4 (A). Bottom: LHC-II trimer viewed from the side (left) and from the top 
(right). See text for discussion. Figure source; KOhlbrandt (1994) Structure and function of the plant light-harvesting complex, LHC 
II. Current Opinion in Structural Biology 4: 522. 
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lumenal surfaces, each layer connected by the elongated carotenoid molecules. The top view (from the 
stromal side) in Fig. 6, bottom right, shows the left-handed supercoil formed by the central pair of 
helices and surrounded by chlorophyll molecules, with the Chi b molecules situated further away than 
the Chi a molecules [cf. Fig. 4 (B)], at the two ends of the supercoil. The two carotenoid molecules are 
located in the grooves of the supercoil. Contact between the monomers is mediated by the three helices 
in the center of the trimer and by the carboxyl- and amino-terminal loops. The shortest chlorophyll-to- 
chlorophyll distances across adjacent subunit boundaries runs from 16 to 19 A. These distances are 
longer than those within the subunit monomer, but still close enough for efficient and rapid energy 
transfer. Helix C, whose axis is almost parallel to the membrane normal (see top view in Fig. 6), and the 
N-terminal loop appear to act as spacers to prevent any closer approach between chlorophylls of differ- 
ent subunits. 

II. E. Role of Lipids 

Five lipids are associated with LHC II. Among them, digalactosyl diacyl glycerol (DGDG) and phospha- 
tidyl glycerol (PG) appear to have special roles in the structure of the complex (see Chapter 1, Section 
VIII for a discussion of these lipids). It has been found that removal of DGDG by mild detergent treat- 
ment or anion exchange chromatography causes the complex to lose the ability to form two- or three- 
dimensional crystals. The ability to crystallize can be completely restored, however, by readdition of 
pure DGDG at a ratio of 4 lipid molecules per polypeptide. Trimer formation appears to be a prerequisite 
for crystallization, as all attempts to form crystals of monomeric complexes have so far been unsuccess- 
ful. 

The lipid PG, on the other hand, binds more firmly than DGDG and cannot be removed by non-ionic 
detergent treatment, but only by delipidation with phospholipase or by proteolytic cleavage of the first 
50 amino acids attheN-terminus. These treatments either break down the lipids or release them from the 
complex, in either case the result being the dissociation of the trimer into monomers. These results 
indicate that DGDG and PG have distinctly different and specific roles in the structure of the complex. 
PG is apparently involved in the formation of trimers and is likely located at the subunit interface, 
whereas DGDG presumably binds at the periphery of the trimers to maintain the structural integrity of 
the complex and to facilitate crystal formation. It is noted that at 3.4 A resolution, none of these lipids 
has yet been located on the electron-density maps. 

III. Regulatory Roles of LHC II in Thylakoids 

Besides the major role of harvesting light, LHC II also has two other important functions, one in the 
regulation of thylakoid membrane structure, i.e., grana stacking, and the other in a related phenomenon, 
the regulation of the distribution of excitation energy between the two photosystems. 

IV. A. Regulation of Thylakoid Structure by LHC II Grana Stacking 

Apparently LHC II is essential for grana stacking, a notion supported by many lines of evidence. In 
developing chloroplasts, for example, the formation of grana stacks directly coincides with the appear- 
ance of LHC II. Furthermore, photosynthetic organisms and mutants which lack LHC II also lack grana 
stacks. In a barley mutant lacking Chi b and partially deficient in LHC II, the grana stacks are found to be 
less stable. Other supporting evidence is the reduced amount of grana stacking when LHC II is structur- 
ally altered by selective proteolytic cleavage of its surface-exposed segments. 
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Grana stacking is an extraordinary phenomenon in structural biology, and it has intrigued photosyn- 
thesis researchers for decades. Grana stacking undoubtedly provides functional specialization to differ- 
ent regions of the membranes, particularly in regard to the physical separation of the two photosystems. 
It results in a lateral heterogeneity in the thylakoid membrane and as a consequence compartmentaliza- 
tion ofthe various photosynthetic complexes. Furthermore, it ultimately provides a means for increasing 
the overall efficiency in energy utilization by the two photosystems*’^. 

IV. B. Regulation of Excitation-Energy Distribution by LHC II 

In oxygenic photosynthesis the linear electron transfer from H 2 O to NADP' requires both photosys- 
tems II and I acting in series. Maximum efficiency for this linear electron transfer requires that the 
processes in both photosystems be balanced or, in other words, excitation of the two photosystems 
should occur at equal rates. During the late 1960s, evidence was obtained by Murata’** and by Bonaventura 
and Myers" that an in vivo mechanism exists to ensure such a balanced excitation. This regulation was 
referred to as a “state 1 -state 2 transition.” For instance, if PS II were receiving more excitation than PS 
I, either because ofthe available light intensity or its spectral distribution, the result would be accumula- 
tion of a pool of reduced plastoquinone, as the PS I-driven oxidation ofPQFl 2 would be rate-limiting. 
Under such a condition, however, the photosynthetic apparatus is apparently able to sense the situation 
and regulate the distribution of energy to achieve a balanced excitation of the two photosystems. 

In the late 1970s, Bennett*^ found that the state transition is accompanied by a biochemical event. As 
reduced plastoquinone is accumulated when PS II is excited to a greater extent than PS I, light that 
overexcites PS II activates the membrane-bound kinase. The result is the phosphorylation ofthe surface- 
exposed portion of LHC II, resulting in a partial destacking ofthe grana partitions and the migration of 
the LHC II from the grana region toward the stroma-exposed region. This migration reduces the excita- 
tion of the reaction centers of photosystem II and increases the proportion of the absorbed excitation 
energy that is transferred from the light-harvesting complexes to photosystem I. 

Conversely, when PS I is excited to a greater extent than PS II, PQH 2 becomes oxidized and kinase 
action is switched off. A membrane-bound phosphatase then acts to dephosphorylate the phosphorylated 
LHC II, and excitation of PS -II reaction centers is increased relative to that of PS I. Thus the distribution 
of excitation energy between the two photosystems can be regulated by a mechanism that is dependent 
on the redox state ofthe plastoquinone pool and involves the phosphorylation and dephosphorylation of 
LHC II. 

The above-mentioned changes have been supported by experiments carried out by Teller, Allen, 
Barber and Bennett’^. A controlled light regime was used with pea chloroplasts to cause a state transition 
and the amount of LHC II phosphorylated or dephosphorylated was then monitored by measuring the 
LHC II radio-labeled with ^^P from ATP (y^^P) during the transition. In Fig. 7 (A), left, state 1 -to-state 2 
transition was effected by first applying both hv-\\ (blue light, modulated at 90 Hz for the purpose of 
detecting fluorescence) and hv-\ (unmodulated 710-nm light) and then after a few minutes turning off 
only /jiaI . During the period when only /?vaII is on, reduced plastoquinone is accumulated, as judged by 
the increase in the modulated fluorescence signal [not shown here, but see (B)], and the amount ofradio- 
^^P-labeled LHC II increased, as shown in Fig. 7 (A), left. The degree of phosphorylation was measured 
by the total radioactivity of the band on SDS-PAGE corresponding to the LHC-II. When only hv-W was 
applied initially and then hv-I was later superimposed, the state 2-to-state 1 transition occurs, and phos- 
phorylated LHC II becomes dephosphorylated [see Fig. 7 (A), right]. These results provide clear support 
for the hypothesis that the transition to state 2 involves phosphorylation while the transition to state 1 
involves dephosphorylation of LHC H. In other words, LHC II phosphorylation is controlled by the 
redox state of the quinone pool. 
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An equally compelling piece of evidence that protein phosphorylation is controlled by the redox state 
ofplastoquinone pool was provided by Horton, Allen, Black and Bennett'”* using potentiometric titration 
of both fluorescence and LHC II phosphorylation, as shown in Fig. 7 (B). Details on the use of redox 
titration of PS-II fluorescence-yield changes to monitor the redox-state changes of the plastoquinone 
pool in PS II will be discussed in Chapter 17. The data points for fluorescence as well as for phosphory- 
lation, as measured by the level ofradioactive^^P-labeled LHC II, fit the Nernst equation [see footnote 
on p. 92] with an (at pH 7.8) of ~0 mV and an n-value of 2, reflecting a two-electron change for the 
electron carrier involved, presumably PQ. Thus crucial links are established between the redox state of 
plastoquinone, the activation of kinase for LHC II phosphorylation and changes in chlorophyll fluores- 
cence. 



state 1 1 



-state 2 
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state 2 I — ►state 1 
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Fig. 7. (A) Time course of phosphorylation of LHC II during the state 1-to-state 2 (left) and state 2-to-state 1 (right) transitions in 
pea chloroplasts. (B) Redox titration of “P incorporation into LHC II and ATP-induced fluorescence decrease. (A) adapted from 
Telfer, Allen, Barber and Bennett (1 983) Thylakoid protein phosphorylation during state 1 -state 2 transitions in osmotically shocked 
pea chloroplasts. Biochim Biophys Acta. 722: 176-181; (B) from Horton, Allen, Black and Bennett (1981) Regulation of phos- 
phorylation of chloroplast membrane polypeptides by the redox state ofplastoquinone. FEBS Lett 125; 194. 
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As it is known that the 25-kDa polypeptide of LHC II (o) is phosphorylated at a far higher rate than 
the 27 -kDa polypeptide of the LHC II (i) complex, it is expected that LHC II(o) would he preferentially 
involved in phosphorylation. It is also known that phosphorylation targets the surface-exposed threonine 
residue (Thr6) near the N-terminus of the LHC II polypeptide. A proposed molecular mechanism re- 
sponsible for regulation of excitation-energy distribution through phosphorylation and dephosphoryla- 
tion ofLHC (o) has been provided by Staehelin and Arntzen*^, as shown in Figure 9, and also by Allen’®. 
Starting with predominantly dephosphorylated LHC II [®], illumination by hv-l\ favors turnover of PS 
II and reduction of plastoquinone pool which in turn activates kinase resulting in LHC II (o) phosphory- 
lation. In the nonphosphorylated state, LHC II particles promote membrane stacking and therefore accu- 
mulate in the stacked membrane regions. Addition of phosphate group(s) to the exposed polypeptide 
segment adds negative charge to the surface and consequently produces electrostatic repulsion. As a 
result of the mutual repulsion between the negative charges on the phosphorylated LHC II {i.e., LHC II- 
P) on adjacent membranes, unstacking occurs and LHC II-P migrates out of the stacked region into the 
unstacked region [©]. Such lateral migration ofLHC II enables a redistribution of energy to re-establish 
a balanced excitation of the two reaction centers. 

This mechanism has received ample experimental support. Examination of freeze -fracture electron 
micrographs of nonphosphorylated, phosphorylated and dephosphorylated thylakoids created under ap- 
propriate experimental conditions revealed that -20% of the mobile LHC II particles are involved in 



stacked unstacked 




Fig. 8. Scheme showing reversible movement of LHC II in the regulation of energy distribution among PS II and PS I. Figure 
adapted from Staehelin and Arntzen (1983) Regulation of chloroplast membrane function: Protein phosphorylation changes the 
spatial organization of membrane components. J Cell Biol 97: 1 334. 
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reversible migration between stacked and unstacked membrane regions. Additionally, fractionation of 
phosphorylated chloroplast membranes showed a tenfold higher relative phosphorylation in unstacked, 
stromal membranes than in stacked grana. When the viscosity of the medium for the thylakoid mem- 
brane is increased (with cholesteryl hemisuccinate), kinase activity is unaffected, but lateral migration 
of the mobile LHC II and the consequent state 1-to-state 2 transition are prevented. 
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More than 600 naturally occurring Carotenoids are known at the present time. About 150 different 
carotenoids can be found in higher plants and such other photosynthetic organisms as algae and photosyn- 
thetic bacteria. Carotenoids as a class have exceedingly diverse functions in photosynthetic organisms but 
as depicted schematically in Fig. 1, they serve two major recognized functions in photosynthesis: one, as 
an accessory light-harvesting pigment and, the other, as a triplet quencher to provide protection against 
photooxidative damage. Increasing evidence also shows that carotenoids may also have a structural role 
(see Chapter 1). 

In their light-harvesting role, as depicted in Fig. 1 (A), a carotenoid in the antenna complex absorbs 
visible light energy that is not efficiently absorbed by chlorophyll, particularly, in the green, becoming 
transformed into the excited singlet state and transferring this excitation energy to either Chi or BChl 
molecules. This energy, originally absorbed by a carotenoid, is then rapidly transferred via chlorophylls to 
the reaction center to perform photochemistry. The efficiency of this linglet-^inglet energy transfer [la- 
beled “S-S” in Fig. 1 (A)] in native pigment complexes varies, depending on the structure and excitation 
energy of the carotenoid, as well as on its distance and orientation relative to the chlorophyll molecules. 
The efficiency of singlet-singlet energy transfer from carotenoid to chlorophyll is usually higher than 70%, 
and in some instances, such as excitation transfer in the B800-850 light-harvesting complex of Rb. 
sphaeroides [see Fig. 3 (C) below], it is close to 100%. 

Fig. 1 (B) illustrates the second major function of carotenoids, namely, photoprotection of chlorophyll, 
either by direct triplet-triplet energy transfer [labeled “T-T”] from ^Chl to the carotenoid or by indirect 
transfer via the formation of singlet oxygen. The reaction steps for each of the two mechanisms are shown 
in Fig. 1 , bottom, right. Further details on both the light harvesting by carotenoids and photoprotective role 
of carotenoids will be described in the following sections. 
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(A) Light harvesting (B) Photoprotection 




1 . Car + hv 'Car 

2. 'Car + Chi Car +' Chi' 




Fig. 1. The light-harvesting and photoprotective roles of carotenoids. 

A relationship between the role played by a carotenoid and its molecular configuration has been found 
recently. Yasushi Koyama'^^ examined the carotenoids acting as accessory pigments in light-harvesting 
complexes and those present in reaction centers where they act as triplet quenchers. A variety of spectro- 
scopic techniques, including electronic absorption, Raman spectroscopy, and nuclear magnetic resonance, 
have all been used to establish the configuration of the carotenoids involved in a number of photosynthetic 
bacteria. Available evidence shows that an apparent natural selection ofthe molecular configuration pre- 
vails in accordance with the particular role. The carotenoids present in a reaction center (RC) usually 
assume thel5-cjT configuration, with some out-of-plane twist along the conjugated backbone, as illus- 





Fig 2. Natural selection of carotenoid configuration in the reaction center (RC) and light-harvesting complex (LHC) of purple photo- 
synthetic bacteria. See text for discussion. Figure source: Koyama (1991) Structure and function of carotenoids in photosynthetic 
systems. J Photochem Photobiol, B: Biol 9: 208. 
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trated in the examples of Rb. sphaewides and Rs. rubrum shown in Fig. 2. The cjT-configuration of 
carotenoids in the bacterial reaction center has also been confirmed by X-ray crystallography. 

On the other hand, carotenoids in light-harvesting complexes of photosynthetic bacteria assume an all- 
trans configuration, either twisted (as in Rs. rubrum, Chromatium vinosum, and Rp. palustris) or planar 
(as in Rb. sphaeroides and Rp. capsulata). Note that chain twisting is not ascribed to the type of caro- 
tenoid, but rather to some specific interaction between the carotenoid and the protein environment and 
apparently affects the efficiency of singlet energy transfer. 

It is worth noting that Koyama’ s rule on carotenoid configuration in photosynthetic reaction centers first 
appeared to apply only to photosynthetic bacteria, since an earlier examination of the green-plant PS-II 
reaction-center complex led Fujiwara, Hayashi, Tasumi, Kanji, Koyama and(Ki) Satoh' to conclude that 
the P-carotene assumes an aW-trans configuration. However, the realization that the l5-cis form of p- 
carotene is extremely unstable when excited by light to the triplet state, from which it can rapidly isomerize 
to the a\\-trans form, prompted Bialek-Bylka, Tomo, (Ki) Satoh and Koyama^ to reexamine the PS-II 
reaction-center complex by using new procedures and new detection methods. Solvent extraction of p- 
carotene was carried out in complete darkness at 4 °C. Spectrometric analysis of the extracted pigment by 
HPLC was also carried out at 4 °C and conducted using an apparatus equipped with a two-dimensional 
diode-array detector for simultaneous detection and recording of electronic spectra for minimum exposure 
to light. With these precautions, the authors could spectroscopically identify 15-cw- P-carotene in the 
reaction center ofphotosystem II in spinach. Thus, the Koyama-rule correlating carotenoid configuration 
with its function now seems firmly established. 



I. The Light-Harvesting Roie of Carotenoids 

The peridinin-chlorophyll a -protein (PCP) complex in marine dinoflagellates is a well-known light- 
harvesting protein complex, whose structure and properties will be discussed in detail in Section II . Peridinin, 
an allenic xanthophyll, will be discussed in Section II. A. For the moment, we will discuss PCP only to 
illustrate the efficiency of energy transfer from carotenoid to chlorophyll in a light-harvesting complex. 
The light-harvesting role of carotenoids can be readily demonstrated by monitoring the fluorescence of 
chlorophyll when exciting, e.g., the PCP complex in a wavelength region where carotenoid is the principal 
absorber. In the absorption spectrum of PCP in Fig. 3 (A), top panel, the absorption maximum at 476 nm 
is due mainly to peridinin while the maximum at 435 nm is due mainly to chlorophyll a and that at 669 nm 
exclusively to chlorophyll a. Fluorescence excitation and emission spectra of PCP are shown in the left 
and right portions, respectively, of the bottom panel in Fig. 3 (A). The quantum-corrected excitation 
spectrum between 260 and 600 nm appears almost identical to the absorption spectrum, indicating effi- 
cient energy transfer from peridinin to chlorophyll. The uncorrected chlorophyll emission spectra in the 
right portion were elicited by excitation at 330 nm and 479 nm, as indicated. Separate fluorescence exci- 
tation measurements by Song, Koka, Prezelin and Haxo^ with PCPs from Glenodinium sp., Gonyaulax 
polyedra and Amphidinium rhyncocephaleum showed that energy transfer from peridinin to Chi a in all 
three algae was 100% efficient. In contrast, energy transfer between isolated chromophores of peridinin 
and Chi a together could not be observed in (dilute) solution. Also, denatured PCP showed no significant 
energy transfer, even though the peridinin chromophores might still have been attached to the protein. 

As a second example [Fig. 3 (B)], we will discuss the light-harvesting complexes of the brown alga 
Acrocarpiapaniculata (a seaweed). Two light-harvesting complexes were isolated by treatment with Tri- 
ton X- 1 00 followed by sucrose density-gradient centrifugation : a major orange-brown “B” fraction and a 
minor green “C” fraction, with the B-fraction containing -60% of the total pigments and most of the 
carotenoid fucoxanthin. 
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Fucoxanthin-Chl a Chl Cj-protein (Fraction B); 
Violaxanlhin Chl a Chl Cj+Cj-protein (Fraction C) 
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B800-850 LH-compiex from Rb. spheroides2AA. 




Fig. 3. Examples of energy transfer from carotenoid to chlorophyll in three carotenokJ-chlorophyil protein complexes: (A) the perkJinin- 
chlorophyll protein (PCP) from the dinoflegellate Amphidinium carierae; (B) two carotenoid-Chl a/c proteins from brown algae; (C) the 
light-harvesting complex B800-850 from wild-type Rb. sphaeroides. See text for details. Figure source: (A) Siegelman, Kycia and Haxo 
(1976) Peridinin-chlorophylla-proteinsofDinoflagellate algae. Brookhaven Symp Biol 28: 165, 166; (B) Barrett and Anderson (1980) 
The P7 00-chlorophyll a-protein complex and two major light-harvesting complexes of Arcrocarpia paniculata and other brown seaweeds. 
Biochim Biophys Acta 590: 31 6; (C) Frank and Cogdell (1993) The photochemistry and function of carotenoids in photosynthesis. In: 
A Young and G Britton (eds) Carotenoids in Photosynthesis, p 304. Chapman and Hall. 
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The absorption spectrum of fucoxanthin has peaks at 424, 444, and 470 nm in organic solvents, but is 
red-shifted in the pigment-protein complex. Fraction-B shows absorption peaks at 436 and 465 nm due to 
Chi a and Chlc 2 , respectively, and major absorption bands in the 500-550 nm region due to fucoxanthin. 
The fluorescence excitation and emission spectra at 77 K for the fucoxanthin-Chl a-Chl C 2 -protein (Frac- 
tion-B) and the violaxanthin-Chl a-Chl (C]+C 2 )-protein (Fraction-C) are shown in Fig. 3 (B). Both excita- 
tion spectra were measured by monitoring the fluorescence at 680 nm arising from Chi a. The main 
features of the excitation spectra of the two complexes are rather similar and directly reflect the pigment 
composition of each. For example, the excitation spectrum of fraction C, which contains some fucoxan- 
thin, shows a moderate amount of energy transfer in the 500-560 nm region, while the excitation spectrum 
for fraction-B apparently shows no contribution by violaxanthin. The excitation spectra also closely match 
the absorption spectra ofthe respective complexes (not shown) and clearly indicate that Chi C], Chi C 2 and 
fucoxanthin all transfer energy to the fluorescence emitter, Chi a. 

The third example is the light-harvesting complex B800-850 obtained from the wild-type Rb. sphaeroides 
2.4.1. This complex contains three BChls and one carotenoid (spheroidene) per protein subunit. The fluo- 
rescence excitation was obtained by monitoring the emission at 850 nm. Fig. 3 (C) shows the absorption 
and fluorescence excitation spectra in the 400-620 nm region, with the two spectra normalized at 590 nm 
(marked with •). The excellent match ofthe absorption and excitation spectra indicates that photoexcited 
spheroidene transfers energy to bacteriochlorophyll with a high efficiency. 

II. Chlorophyll-Carotenoid-Protein Supramolecular Assemblies - Xanthosomes 

For the efficient capture of low-intensity light, the light-harvesting complexes in certain species are 
present in the form of supramolecular assemblies consisting of intricate structures containing large num- 
ber ofpigment molecules. Examples of such supramolecular assemblies are the phycobilisomes in either 
cyanobacteria or red algae (Chapter 14) and the chlorosomes (Chapter 8) in green bacteria. It has been 
found recently that brown algae, which are usually found in deep waters where the available light intensity 
is especially low at physiologically important wavelengths, appear to possess such supramolecular, chlo- 
rophyll-carotenoid assemblies, the so-called “xanthosomes”"^. Two unique xanthosomes will be discussed 
in this section. One is the peridinin-chlorophyll-protein (PCP) present in certain marine algae, the 
dinoflegellates. PCP is responsible for the color ofthe so-called “red tides.” Peridinin, axanthophyll, and 
the principal pigment in the light-harvesting complex, augments light absorption by the organism in the 
blue-green region (470-550 nm), as light in this spectral region is little absorbed by chlorophylls. The other 
xanthosome is the “fucoxanthin-chlorophyll protein assembly” (FCPA) isolated rather recently by Tetzuya 
Katoh and colleagues^. 

II. A. Structure and Function ofthe Peridinin-Chlorophyll-Protein (PCP) Complex 

Peridinin was isolated in 1890 by Franz Schiitt^, who called it “peridineen” and even suggested that it 
was conjugated to a protein in vivo. In 1963, Bode and Hastings’ prepared an aqueous extract from 
Gonyaulax polyedra and attributed its red color to protein-bound peridinin. The molecular weight of this 
red protein was later reported by Haidak, Mathews and Sweeney^ to be ~38 kDa. A more highly purified 
sample was subsequently obtained by Haxo, Siegelman and their coworkers^’ Isoelectric focusing, 
however, revealed that there were actually various kinds of PCPs with closely related values of pi ranging 
from 6.5 to 7.5, the predominant species (90%) having a pi of 7.5. The molecular structure of peridinin 
itself was found by Harold Strain and coworkers“in 1971 to be an asymmetric, tricyclic carotenoid, 
consisting of a cyclohexanol ring and an epoxycyclohexanol ring, connected by a polyene chain containing 
a furane ring: 
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The peridinin-chlorophyll-protein complex can be easily released by a freeze-thaw cycle and then grind- 
ing the algal mass, after being refrozen. The purified PCP antenna complex from Amphidinium carterae 
has a molecular mass of~39 kDa, each subunit having 2 Chl-a molecules and 8 peridinins (previously 
reported as 9). On the other hand, the PCP complex isolated from either ofthe dinoflagellates Glenodinium 
sp., Gonylaulax polyedra, and Amphidinium rhynocephaleum consists of only 1 Chi a and 4 peridinin per 
protein subunit. Evidence for energy transfer in dinoflegellate PCP has already been presented in Fig. 3. 

In 1976, Song, Koka, Prezelin and Haxo^ and in 1977 Koka and Song^^ measured the CD spectra of 
PCPs isolated from various dinoflegellates, with peridinin-Chl o-protein ratios of4: 1 : 1 or 8:2:1, and 
observed a splitting of the main absorption band of peridinin into two bands of approximately equal 
ellipticity but of opposite sign at~375 and~495 nm in both A. carterae and A. rhyncocephalem, as shown 
in Fig. 4 (A) [cf. the absorption and fluorescence excitation spectra of PCP from A. carterae in Fig. 3 (A)]. 
Note that the CD signal is completely lost when the PCP from Glenodinium sp. is denatured, as shown in 
Fig. 4 (B). The CD results suggest that four peridinin molecules form two dimers with a chlorophyll 
located between them. In each dimer in the native PCP the two peridinins are mutually orthogonal to one 
another. As previously noted, the peridinins are strongly coupled with chlorophyll allowing for efficient 
energy transfer. In addition, results from fluorescence-polarization measurements*^ indicate that both com- 
ponents ofthe peridinin CD bands are oriented 45-50° relative to the Qy axisofchlorophylla, asshownin 
the model in Fig. 4 (C). 




Wavelength 



Fig. 4. Circular-dichroism (CD) spectra of native PCPs from A. carterae and A. rhyncocephalem at room temperature (A): CD spectrum 
of denatured PCP of Glenodinium sp. (B); (C) shows a probable molecular arrangement of Chi a and peridinin molecules based on 
relative orientations of transition moments ofQy (Chl-a fluorescence) and B*/B. transitions (peridinin exciton). (A) and (C) from Koka 
and Song (1977) The chromophore topology and binding environment of peridinin-chlorophyll a-protein complexes from marine 
dinoflegellate algae. Biochim B/ophys Acta 495: 223, 229; (B) from Song, Koka, Prdzelin and Haxo (1976) Molecular topology of the 
photosynthetic light-harvesting pigment complex, peridinin-chlorophyll a-protein, from marine dinoflegellates. Biochemistry 1 5: 4424. 
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Abouttwenty years later, in 1996, Hofmann, Wrench, Sharpies, Hiller, Werte and Diederichs^^ crystal- 
lized the PCP complex from A. carterae and determined its three-dimensional structure by X-ray crystal- 
lography at 2.0 A resolution. A stereo view ofthe PCP-monomer shown in Fig. 5 (A) [also see Color Plate 
7] has a topology resembling a wide-open, right-handed “jelly roll,” with a short, (3-hairpin loop forming 
the tip ofthejelly roll. Such ajelly-roll fold had not previously been reported for an a-helical protein. The 
electron-density maps revealed the presence not only ofwater molecules but surprisingly also the presence 
of two digalactosyl diacyl glyceride (DGDG) lipid molecules, apparently forming an integral part of the 
PCP structure. TheN- and C-terminal halves ofthe polypeptide form two almost identical domains related 
to each other by a twofold symmetry axis, each domain consisting of 8 helices ofthe polypeptide. Hofmann 
et al. likened the PCP monomer to a boat, with a bow, stem, deck and keel as indicated in the figure, the 
“keel” being formed by a40 A-long chain connecting theN- and C-terminal domains. The central hydro- 
phobic cavity is occupied by the chromophores (2 Chl-a and 8 peridinins), like “cargos” inside the boat. 

Two large openings are found near the bow and the stern, between helices N6 and N8 and likewise 
between helices C6 and C8. Two smaller openings are also found near the deck, one between N2 andNV 
and the other between C2 and Cl, the first is occupied by the hydrophilic epoxycyclohexane ring of 




Fig. 5. Crystal structure ofthe A. carterae PCP monomer. (A) stereogram ofthe ribtMn model ofthe PCP monomer. The scaffold formed 
by the helices is likened to a boat; the various parts of a boat (bow, stem, deck and keel) are marked. The chromophores in the hydro- 
phobic cavity of the monomer complex are likened to “cargos." (B) stereogram of the arrangement of peridinins and chlorophyll in the N- 
terminal domain [only two peridinins of the C-terminal domain are shown by thinner iines]. Figure source: Hofmann, Wrench, Sharpies, 
Hiller, Werte and Diederichs (1 996) Structural basis of light harvesting by carotenoids: Peridinin<hlorophyll-protein from Amphidinium 
carterae. Science 272: 1789, 1790. A color stereogram of (A) kindly provided by Dr. Eckhard Hofmann and Dr. Wolfram Welte is shown 
in Color Plate 7. 
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peridinin and the second by the head group of the lipids. The presence of two peridinin pairs surrounding 
a chlorophyll, as previously deduced from CD spectroscopy'^, has now been confirmed by X-ray crystal- 
lography which also showed that the four peridinins are present in the all-trau5 configuration. Within each 
peridinin pair, the polyene chains are less than 4 A apart at closest approach,. In contrast to the model 
based on CD results, however, the angle formed by the peridinins within each pair ~56°, not 90° is and the 
furane rings in a pair are quite close to one another, the distance between their centers being 5.5 A, vs. the 
12 A estimated previously'^ for peridinins in each pair. As shown in the stereogram of Fig. 5 (B), the 
conjugated portion of each peridinin is close to the chlorophyll tetrapyrrole ring at a van der Waals dis- 
tance (3.3 to 3.8 A), a proximity which allows for efficient excitonic energy transfer from peridinin to 
chlorophyll. Within the PCP monomer, the two chlorophylls are 17.4 A apart and Forster energy transfer 
should prevail. 

Like other light-harvesting protein complexes, such as the bacteriochlorophyll-a protein discussed in 
Chapter 8, the LHC II complex discussed in Chapter 12, and the phycobiliproteins to be presented in the 
next chapter, PCP monomers also form a trimer. The trimer 100-A across and 40 A thick is stabilized by 
hydrophobic interactions between the deck and stem helices and through hydrogen bonding of the peridinin 
epoxycyclohexane ring in the C-terminal domain. Within the trimer, the distances between chlorophylls of 
different subunits are in the 40-45 A range, well within the range of dipole-dipole interactions required for 
Forster energy transfer. 

The precise location of the PCP complex within the membrane and how it transfers energy to the photo- 
systems are not yet known, but circumstantial evidence suggests that PCP is located in the intrathylakoid 
space. Hofmann et a/.'^ have suggested that PCP is probably linked to the reaction center by way of a 
membrane-bound LHC. In 1990, Mimuro, Tamai, Ishimaru and Yamazaki'"' examined transfer of excita- 
tion energy in the marine dinoflegellate Protogonyaulax tamarensis by means of both steady-state and 
time -resolved fluorescence spectroscopy. At ambient temperature, one dominant fluorescence band was 
found at 684 nm (F684) with a minor band at 673 nm (F673), irrespective of whether peridinin, Chi a or 
Chi c was preferentially excited. At 77 K, three major fluorescence bands F670, F683, and F689 origi- 
nating from Chi a in photosystem II were resolved. The rise and decay kinetics of these low-temperature 
bands indicated that energy absorbed by peridinin is transferred first to F670 in < 22ps, then to F683 and 
finally to F689. The strongest emission band, F689, in the dinoflegellate was considered to be the equiva- 
lent of F695, the characteristic band of the core antenna of green-plant PS II. These time-resolved fluores- 
cence kinetics led Mimuro et to suggest the following energy-transfer sequence: PCP— >{PS-11) 
I^HC— >(PS-II) RC. These authors also found evidence for energy transfer to photosystem I via spill-over, 
though not through F689. No evidence was found for involvement of Chi c in energy transfer from peridinin 
to Chi a. Hofmann et a/.'^ also suggested that trimers of PCP and (PS-II)LHC might be stacked over one 
another, thus allowing a highly efficient, Forster energy transfer from PCP to (PS-II) LHC. 



II.B. The Supramolecular Fucoxanthin-Chlorophyll-Protein Assembly (FCPA) 

Until recently, the chlorophyll-carotenoid light-harvesting complexes were not known to form supra- 
molecular complexes comparable to the phycobilisomes or chlorosomes. About 10 years ago, however, 
Tetzuya Katoh and coworkers^’ isolated an orange-brown, supramolecular, light-harvesting complex 
containing chlorophylls a and c and fucoxanthin from the brown alga Dictyota dichotoma^ using the 
detergent decanoyl glucoside, and subsequently also from another brown alga Petalonia fascm^ , both 
complexes similar in several respects to the supramolecular phycobilisomes and chlorosomes. The authors 
called this new, 520-kDa complex “fucoxanthin-chlorophyll-protein assembly,” abbreviated as FCPA. 
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The FCPA complex is made up of seven protein subunits, each with a molecular weight of 74 kDa and 
each containing 13 molecules of Chi a, 3 Chi c, 10 fucoxanthin and 1 violaxanthin. The pigment content 
ofthe FCPA complex is unusually high, with apigment-to-protein weight ratio ofO.37. 

The intact, orange-brown FCPA complex is readily dissociated into its seven protein subunits by the 
action of detergents such as LDAO or Triton XlOO at very low concentrations, even as low as 0.005%. 
The extreme frailty of this supramolecular complex may explain why it had not been isolated earlier. 

The absorption spectra ofthe intact FCPA and its second-derivative spectra are shown for room tem- 
perature in Fig. 6 (A), top and at 77 K in Fig. 6 (A), bottom. Note that the derivative spectra are shown not 
in the conventional manner but upside-down (as -[d^A/dX^]), so that the positive peak in the second- 
derivative trace corresponds to a normal absorption peak and a negative-going trace corresponds to a 
shoulder. The major peaks at room temperature belonging to Chi a are located at 439 and 671 nm; Chi c 
has a peak at 636 nm and a shoulder at 459 nm. The presence of fucoxanthin is represented by small 
shoulders at 515 and 545 nm, indicating that it is present in its long-wavelength forms. These bands are 
clearer in both low-temperature and second-derivative spectra. In the low-temperature spectra, both the 
blue and red bands of Chi c are split. Many more minor bands are resolved for fucoxanthin in the deriva- 
tive spectra, suggesting a high degree of “heterogeneity.” 




400 500 600 700 nm 



Fig 6. Absorption and second-derivative spectra of intact fucoxanthin-chlorophyll- ale protein assembly (FCPA) at room temperature 
(A, top) and 77 K (A, bottom). Absorption spectra of intact and Triton-treated FCPA (B, top) and their difference spectrum between the 
two (B, bottom). Figure source: Katoh, Mimuro and Takaichi (1 989) Light-harvesting particles isolated from a brown alga, Dictyota 
dichotoma. A supramolecular assembly offucoxanthin-chlorophyll-protein complexes. Biochim Biophys Acta 968:236, 237. 
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The absorption spectra ofthe intact FCPA and dissociated FCPA subunits are shown in Fig. 6 (B), top 
and the difference spectrum obtained by subtracting intact FCPA spectrum from Triton-treated spectrum 
in Fig. 6 (B), bottom. In the red region, the major change is a blue shift ofthe Chi a absorption upon Triton 
treatment (AAf,75<0 and AAfe(i2>0). The other major change is a blue shift in the fucoxanthin absorption 
(AA53 o< 0 and AA4gjj>0), although the latter is partially offset by the Chi a absorption decrease. 

The difference in the fluorescence spectra between intact and dissociated FCPA is rather dramatic, as 
can be seen in Fig. 7. The main emission band at 677 nm shown in Fig. 7 (A) was excited at 440, 460 and 
515 nm, wavelengths absorbed predominantly by Chi a, Chi c and fucoxanthin, respectively. The emission 
spectra indicate that both Chi c and fucoxanthin transfer excitation energy to Chi a with high efficiency. 
The emission spectrum excited by 460 nm shows a weak emission at 640 nm, originating from Chi c. 
However, the 640-nm emission is not seen when the sample was excited at 515 nm, which suggests that 
fucoxanthin transfers energy directly to Chi a without the mediation of Chi c. 

In the dissociated FCPA, excitation at 440, 460 and 515 nm evokes quite different emission patterns 
[Fig. 7 (B)J. The 460-nm light, preferentially absorbed by Chi c, produces an increase in the emission at 
640 nm and much less emission at 670 nm. Similarly, excitation by 5 15-nm light absorbed primarily by 
fucoxanthin also produced very little 677-nm emission but no emission at all at 640 nm. These results 
suggest that the coupling between Chi c and Chi a and that between fucoxanthin and Chi a are both 
disrupted and they also confirm that transfer of energy from fucoxanthin to Chi a does not go through Chi 
c. 



Intact FPCA Dissociated FPCA 




Fig. 7. Fluorescence spectra of intact FCPA (A) and Triton-treated FCPA (B) excited with either 440, 460 or 515 nm light at room 
temperature. Adapted from Katoh, Mimuro and Takaichi (1989) Light-harvesting particles isolated from a brown alga. Dictyota dichotoma. 
A supramolecular assembly of fucoxanthin-chlorophyll-protein complexes. Biochim Biophys Acta 976; 236, 237. 



II.B.2. A Molecular Model 

An electron microscope examination of the intact FCPA isolated from Petaloniafascia showed the 
supramolecular assemblies to be uniform in size and shape. They were found to be discoidal, 11.2 nm in 
diameter and 10.2 nm in height, and with a cavity in the center. Long-term storage of FCPA resulted in the 
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formation of an amorphous material and in the loss of fine structure in its electron micrograph. Since 
FCPA is hydrophobic, it is presumed that the complex is partly immersed in the thylakoid membrane, 
rather than being attached to the membrane surface as is the case for the phycobilisomes or chlorosomes. 
Topological details of the native supramolecular complex remain to be investigated. 

With additional spectroscopic studies Mamoru Mimuro and coworkers^^ were able to construct a 
molecular model for the FCPA complex. As already noted, spectrally heterogeneous forms of chlorophylls 
a and c and fucoxanthin are evident in the second-derivative and circular-dichroism spectra. Deconvolution 
of the absorption spectra revealed two chlorophyll-a forms, Chi and Chi ^673. Among the 13 Chi a 
molecules found in intact FCPA, 10 are Chi <3669 and 3 are Chi Two forms of Chi c were also found, 
a short wavelength-absorbing Chi C450/633, designated as Chi Cg, and a long wavelength-absorbing Chi C46S/ 
638, designated as Chi Cl. Further analysis of the absorption spectra indicated that there are two molecules 
of Chi Cg and one Chi q, per subunit. Functionally active fucoxanthin absorbing at 515 and 545 nm and 
inactive fucoxanthin absorbing at 428, 455 and 488 nm were also found. 

Significantly, there was no indication of a strong interaction between molecules of any given pigment 
type. Molecular heterogeneity, inferred on the basis of spectral heterogeneity, and the absence of such 
interaction led Mimuro et al. to conclude that energy transfer occurs by direct coupling in one-to-one 
manner in donor-acceptor pigment pairs of the following four types: 

Chi Cl Chi 0669 ( 1 ); Chi Cg -> Chi 0669 ( 2 ); Fucoxanthin Chi Oj69 ( 7 ); and Fucoxanthin -> Chi 0573 ( 2 ). 

The numbers inside the parentheses indicate the number of each type of pigment pair per subunit, as 
suggested by the mutual orientation of dipole moments of the respective pigment molecules calculated 
from the results of fluorescence polarization experiments. Three Chl-c molecules are separately paired 
with three Chi <3669 shown in Fig. 8. Two of the three Chi 0673 are paired with one fucoxanthin each. 
Since both intact and dissociated FCPA have fluorescence emission maxima at 677 nm, it is clear that even 
though coupling between Chi c and Chi 0669 and between fucoxanthin and Chi O669 are disrupted in disso- 
ciated FCPA, two Chi 0669 molecules are transformed into Chi O673 and energy transfer among Chi 
molecules and between Chi 0669 and the terminal emitter (written as Chi Ote) can still occur. 

In this model, the function of one remaining fucoxanthin and one violaxanthin has not yet been deter- 
mined (see Fig. 8). By comparing the fluorescence excitation spectrum with the absorption spectrum of 
FCPA, it is seen that a decrease of 15-25% in transfer efficiency appears in the 480 nm-region, which 
would be consistent with an absence of coupling by two out of the 11 carotenoid molecules. 



Fig. 8 . Schematic representation of energy flow 
in the FCPA polypeptide. Abbreviations are; 
ag69, Chi 0669, ^673' ^hl 0673, ^TE> terminal emit- 
ter; Fuco, fucoxanthin; Viola, violaxanthin; Cs 
and Cl for short- and long-wavelength forms of 
Chi c. See text for details. Figure source; 
Mimuro, Katoh and Kawai ( 1990 ) Spatial ar- 
rangement of pigments and their interaction in 
the fucoxanthin-chlorophyll a/c protein assem- 
bly (FCPA) isolated from the brown alga 
Dictyota dichotoma. Analysis by means of po- 
larized spectroscopy. Biochim. BiophysActa 
1015 : 455 , 
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III. Singlet-Singlet Energy Transfer Dynamics involving Carotenoids in 
Light-Harvesting 

Although energy transfer from carotenoids to chlorophylls in photosynthetic organisms can be readily 
demonstrated, as already seen in Fig. 3 of Section I, there has been a lack of understanding ofthe molecu- 
lar mechanism by which the transfer takes place. First of all, isolated carotenoid molecules have been 
considered for some time to be virtually nonfluorescent and, thus, the Forster mechanism of energy trans- 
fer via dipole-dipole interaction, which requires not only an extensive overlap between the fluorescence 
spectrum ofthe energy donor and the absorption spectrum ofthe energy acceptor but also a high quantum 
yield of fluorescence for the isolated donor, is therefore not expected to be effective in the case of caro- 
tenoid-to-chlorophyll energy transfer. 



III. A. Low-Lying Excited Singlet States in Carotenoids 

As a guide to understanding energy transfer involving carotenoids, we present an overview of the elec- 
tronic states of carotenoids in relation to those of the polyenes, with the help of the energy diagrams of 
carotenoid, Chi a and BChl a in Fig. 9. The two excited states S( and S 2 of carotenoid are also denoted as 
2'A„ and 1 *B„ states, the customary electronic-state notations for states of different symmetry in linear 
polyenes. So, the ground state, is denoted as the 1 Ag state. The state now designated as S 2 had long been 
thought to be the lowest excited singlet state, as the state now designated as S| had not been observed in 
absorption or emission due to the fact that a 1 ' Ag— >2' Ag transition is dipole forbidden, at least by a single 
photon process, while a 1 ' Ag— > 1 ' By transition is allowed, and in fact it accounts for the intense absorption 
band of carotenoids in the visible region. 

The existence of the 2'Ag state was shown by Thrash, Fang and Leroi'^ who measured the Raman 
excitation profile ofp-carotcne in cyclohexane in the pre-resonance region, i.e., in the 16900- 19000 cm ' 
region just below the region for the allowed I'Ag— transition, and found features that could be 
interpreted as evidence for a low-lying excited 2'Ag state 3470 cm"' below the 1 state, i.e., with its 
origin near 17230 cm""' if the l'B„ level is taken to be 20700 cm ' (483 nm). Since the l'Ag<-2'Ag 
fluorescent spectrum of P-carotcne would have a better spectral overlap with the long- wavelength Chi a 
absorption bands in the light-harvesting complex, it was interpreted by these authors'* as a possible energy 
donor transition in a Forster-type excitation transfer from carotenoid to antenna chlorophyll. But since the 
quantum yield ofthe donor emission an important term in the Forster mechanism, would be extremely 
small for this forbidden, or nearly forbidden, transition, Naqvi'^ suggested that energy transfer from ex- 
cited p-carotene to chlorophyll probably takes place by way ofthe “electron-exchange interaction” mecha- 
nism of Dexter^". 

Dexter’s electron-exchange interaction requires the electron in the highest occupied orbital ofthe excited 
donor(D*) and an electron acceptor to be in close contact(<l 0 A), i.e., form a “collision complex” so that 
exchange resonance interaction can occur via an overlap of their electron orbitals. This then allows the 
excited electron to move from D* to A while an electron in the highest occupied orbital ofthe ground-state 
ofthe acceptor. A, moves to D. It may be noted that exchange-resonance interaction requires close physi- 
cal contact, i.e., overlap of wave functions, between the interacting partners, while the Forster energy 
transfer can operate over much longer distances (50-100 A), by “through space” interactions. Further- 
more, the electron-exchange mediated transfer is independent ofthe fluorescence quantum yield, 0^. 

The low quantum yield of fluorescence in carotenoids is due to an extremely rapid, non-radiative inter- 
nal conversion 1 'B„— >2' Ag, followed by the fluorescence decay process 2'Ag— ^1 'Ag. The lifetimes of 
excitedS 2 (I 'Bg) andS|(2'Ag) states are ofthe order of 0.1 ps and 10 ps, respectively. The St lifetime can 
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Fig. 9. Schematic energy diagram for carotenoid, Chi a and BChl a. TheSa. S, and So states of the carotenoid are also designated by 
the polyene symmetry group symbols 1 ’B„, 2'A^ and 1 'A^. respectively. Straight solid arrow, absorption: dotted arrow, fluorescence: 
wavy affows, non-radiative internal conversion; curved arrows, resonance energy transfer. Wavelengths for the excited singlet states are 
as follows: p-carotene: 490 nm for 1 'B„, 580 nm for 2’A , Chi a: 435 nm for the Soret band, 580 nm for and 675 nm for Qy: and BChl 
a: 370 nm for the Soret band, 590 nm for Qx and 850 nm for Qy. Figure adapted from Siefermann-Harms (1985) Carotenoids in 
photosynthesis. I. Location in photosynthetic membranes and light-harvesting function. Biochim Biophys Acta 81 1 ; 348. 

be determined either directly by femtosecond spectroscopy'^^, or indirectly by phase fluorometry. It is clear 
that the very short, non-radiative relaxation time makes it a more competitive deactivation process for 
the 1 ‘B„* state, whereas the lower energy, 2'Ag state decays to the ground state in lOpy, i. e., ~ 100 times 
longer, making carotenoid a more favorable candidate as the donor responsible for the light-harvesting 
role. 



III. B. Carotenoid Fluorescence 

In the meantime, fluorescence excitation and emission spectra for isolated |3-carotene, rhodopin, and 
spheroidene in CS 2 were reported by Tomas Gillbro and Richard CogdelP' in 1989. Their results for 3 - 
carotene in Fig. 10 (A) show a very close match between the excitation and the absorption spectra, as well 
as extensive overlap between the excitation and emission spectra. The emission spectrum of p-carotene, 
which shows a small Stokes shift, is almost a mirror image of the absorption spectrum and apparently 
originates from the excited singlet Sj state populated directly by light absorption, and not from a lower, 
indirectly populated S] state.. The quantum yield of fluorescence is notably very low, only 6x10 * for 3- 
carotene and 3x10-5 for spheroidene. 

The fluorescence excitation and emission spectra of fucoxanthin were subsequently measured in 1991 
both by Katoh, Nagashima and Mimuro^^ and by Shreve, Trautman, Owens and Albrecht^^. The absorp- 
tion and fluorescence spectra of fucoxanthin (isolated from hrown algae) inCS2at20°C are shown in Fig. 
10 (B). The excitation spectrum (not shown here) for fucoxanthin fluorescence is almost identical to its 
absorption spectrum, with peaks located at 448,476 and 505 nm. The fluorescence spectrum excited by 
476 nm light reaches a maximum at -750 nm, a wavelength much longer than expected if the emission 
originated from the excited state (S 2 ). The quantum yield of fucoxanthin fluorescence was estimated to be 
about 5x10-5, comparable to the yields for other carotenoids and therefore this Stakes-shifted emission 
most likely originated from the low-lying, excited singlet state Si . 
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Fig. 10. Fluorescence emission and excitation (or absorption) spectra in CSj of p-carotene (A) and fucoxanthin (B). See text for details 
Figure source: (A) Gillbro and Cogdell (1989) Carotenoid fluorescence. Chem Phys Lett. 158: 313, (B) Katoh, Nagashima, and Mimuro 
(1991) Fluorescence properties of the allenic carotenoid fucoxanthin: Implication for energy transfer in photosynthetic pigment sys- 
tems, Photosynthesis Res 27: 223. 

Whether carotenoid fluorescence originates from the S2-»So or S|— >Sq transition appears to depend on 
the number of conjugated double bonds, i.e., the chain length, and possibly other molecular-structural 
factors. For instance, the fluorescence from both [ 3 -carotene and spheroidene, each ofwhich has 10 conju- 
gated double bonds, originates from the 82-^80 transition, while that of fucoxanthin, which has 8 conju- 
gated double bonds, displays the Stokes-shifted 8 i-> 8 oemission. 

DeCoster, Christensen, Gebhard, Lugtenburg, Farhoosh and Frank^"^ performed a series of elegant 
experiments in which they examined the fluorescence spectra of four, all-trans spheroidenes containing 7 
to 10 conjugated double bonds, and found that as the extent of 7t-eIcctron conjugation increases, there was 
a systematic crossover from 81^80 emission to 82— >80 emission, i.e., from 2 'Ag — >1 'Ag to 1 'By— > 1 'Ag. 
The fluorescence emission, excitation and absorption spectra ofthe four spheroidenes measured at room 
temperature are shown in Fig. 11. 

With more than 8 conjugated double bonds, fluorescence is dominated by 82 — > 8 q emission. Starting 
with spheroidene with 10 conjugated double bonds, the fluorescence spectrum is almost a mirror image of 
theSo — >82 absorption. There is no evidence for the longer wavelength 8 |-»So emission. The fluorescence 
spectrum of3,4-dihydrospheroidene, which contains 9 conjugated double bonds, is similar to spheroidene, 
but shows a very weak S|-> 8 o or 2'Ag — >1 'Ag fluorescence in the 700-800 nm region. In the less conju- 
gated carotenoid, 3,4,5,6-tetrahydrospheroidene, excitation gives dual fluorescence bands of comparable 
intensity originating from both 82 — > 8 q andS|— > 8 q emissions. In 3,4,7,8-tetrahydrospheroidene, which 
contains only 7 conjugated double bonds, the fluorescence consists almost exclusively ofthe 8 |— > 80 emis- 
sion. 

The crossover in fluorescence from 82 — > 8 q to Stokes-shifted 8 |— > 8 q emission is best explained by 
considering whether deactivation ofthe 82 state takes the pathway of 82 fluorescence or S 2 — > S| internal 
conversion. With increasing conjugation, experiment has shown that the energy of both S 2 andS| states 
decreases [sccE( 2 'Ag) column in Fig. 11], while the gap between the two states, i.e., AE(82-8|), increases. 
This widening ofthe gap decreases the probability ofthe 82-^81 internal conversion process and, by 
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default, increases the probability of fluorescence from the S 2 state. Thus, we see the general phenomenon 
of high-conjugation carotenoids being associated with the S 2 or 1 emission, while low-conjugation 
carotenoids are associated with emission from the S|, or 2'Ag, state. Extrapolation of the S|->Sq transition 
energy indicates that the energy of the 2*Ag state oflonger-chain carotenoids have considerably lower 
energy than previously thought, perhaps as low as -14,000 cm"’ for P-carotene. However, such a low 
estimated value for the S j -state energy of P-carotene would exclude it from being the energy donor to the 
Sr(Qr) state of the chlorophyll acceptor (see Fig. 9). 
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Fig. 1 1. Dependence of emission properties of four all-frans carotenoids, spheroidene, 3,4-dihydrospheroidene, 3,4,5,6-tetrahydro- 
spheroidene and 3,4,7,8-tetrahydrospheroidene on their structure and extent of conjugation (left); the corresponding absorption, fluores- 
cence excitation and emission spectra (center). Estimated 2'A^-state energy levels are in the right-most column. See text for discus- 
sion. Figure source: (middle) DeCoster, Christensen, Gebhard, Lutgenburg, Farhoosh and Frank (1992) Low-lying electronic states of 
carotenoids. Biochim Biophys Acta 1 102: 110; Numerical data from Frank, Farhoosh, Aldema, DeCoster, Christensen, Gebhard and 
Lutgenburg ( 1 993) Carotenoid-to-bacteriochlorophyll singlet energy transfer in carotenoid-incorporated B850 light-harvesting com- 
plexes of Rhodobacter sphaeroides R-26.1. Photochem Photobiol 57: 51 . 
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III.C. Time-resolved Spectroscopic Measurements of Carotenoid-to-Bacteriochlorophyll 
Energy Transfer in Bacterial Light-Harvesting Complexes 

Energy transfer from carotenoid in the B800-850 light-harvesting complex of purple photosynthetic 
bacteria Rb. sphaeroides is extremely efficient, approaching 100%. Time-resolved studies on energy transfer 
from carotenoid to BChl was first reported hy W asielewski, Tiede and Frank^^ for the B800-850 complex 
of Rp. acidophila. The authors used a 5 10 nm, A-ps pulse to pump the absorption band of the carotenoid, 
rhodopin. The bleaching ofthe carotenoid ground state, i.e., 80^82, at 480 nm occurs virtually instanta- 
neously while the 82—^80 recovery occurs with a time constant of 5.6±0.9 ps. Within experimental error, 
the bleaching ofBChl at 860 nm, i.e., its conversion into its first excited singlet state, occurred with the 
same time constant, namely6.l±0.9ps. The essentially identical times for the two processes are consistent 
with direct energy transfer from carotenoid to BChl in the antenna complex. 

One of the earliest femtosecond, time-resolved absorption spectroscopic studies was carried out by 
Shreve, Trautman, Frank, Owens and Albrecht^^in an investigation ofenergy transfer from the carotenoid 
spheroidene, in the B800-850 light-harvesting complex ofRb. sphaeroides. They used -200 /j-duration 
pulses at 480,5 10 and 800 nm to excite the B800-850 antenna complex and found a decay time of 0.7±0.2 
ps for the B800 excited state, i.e., B800*->B800. Since the quantum yield for B800-to-B850 energy 
transfer is known to be nearly unity, the decay of B800* is presumably due almost entirely to energy 
transfer to B850, i.e., B800— >13850. 

Transient absorption changes of spheroidene in cyclohexane at 540-nm induced by 480-nm pulses 
showed the ground-state recovery, Si^Sq, at room temperature to be 9.1 ps. However, similar scans made 
with a higher time resolution showed an initial bleaching (attributable to the So->S2 transition) which 
rapidly decayed in 0.34 ps to a longer-lived state. The 0.34-pi’ lifetime of this 82 state is consistent with the 
lifetime indirectly estimated from the quantum yield of fluorescence, 0(. 

On the basis ofthe dynamics ofthe electronic states of spheroidene in vitro, the authors suggested the 
possibility that energy transfer to B800-850 may occur from both the 82 and 8| states of spheroidene. 
Under this assumption, the 800-nm transient absorption changes were examined by exciting the complex 
in the carotenoid spectral region. The results ofthese experiments are brought together in the kinetic model 
in Fig. 12. The 82— >B800 and 8)— >B800 transfer times were determined to be 1.7 ps and 3.8ps, respec- 
tively. 

Inthis two-channel model, the initially formed 82 state is seen to decay by two routes. One is internal 
conversion tothe8| state, and the other is energy transfer to BChl, i.e., B800. Since the S2->S| internal- 
conversion takes only 340fs, spheroidene must transfer energy from the 82 state to B850 in -300-400/^ . 
To account for the overall high efficiency of energy transfer, the remainder ofthe energy is assumed to be 
transferred to B800 from the S| state of spheroidene in competition with the internal conversion process 
S|— >Sq. As the latter process is much slower than the S2->S| internal conversion, even a relatively slow 
energy transfer from S 1 can still be the dominant energy-transfer process. 

Fig. 12. Model for energy transfer from the caro- 
tenoid spheroidene to BChl in the B800-850 
antenna complex of Rhodobacter sphaeroides 
derived from femtosecond absorbance changes. 
Figure source: Shreve. Trautman, Frank, Owens 
and Albrecht (1991) Femtosecond enerpy-frans- 
fer processes in the B800-850 light-harvesting 
complex of Rhodobacter sphaeroides 2. 4. 1. 
Biochim Biophys Acta 1058: 285. 
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Excited singlet chlorophyll or hacteriochlorophyll can form their respective triplets p(B)ChI*] hy inter- 
system crossing. The otherwise slow decay of^(B)Chl* is accelerated hy energy transfer (“quenching”) to 
triplet oxygen to form excited singlet oxygen ['O 2 *], a highly reactive species toxic to many cell constitu- 
ents such as lipids, proteins, etc. Thus the second major property of Carotenoids with regard to photosyn- 
thesis is its ability to quench triplet (B)Chl at a much higher rate than by (triplet) oxygen, thus preventing 
formation of the very reactive singlet oxygen. Carotenoids can also quench, or scavenge, singlet oxygen 
once formed and thus provide additional protection. The pathways ofthese photoprotective functions have 
already been shown in Fig. 1. 

A more detailed scheme for the bacterial case is presented in Fig. 13, where Q is initially reduced. 
Photoexcitation of the bacterial reaction center promotes the primary donor into the first excited singlet 
state, which then transfers an electron to the primary electron acceptor, bacteriopheophytin, BO^ [step 
(a)]. Since the electron acceptorquinone, Q^, of the reaction center is chemically reduced (or absent), 
forward electron transfer is blocked. In this situation, the oxidized primary donor [BChl] 2 * and the reduced 
BO^" recombine in ~10 ns, some of the reaction centers returning directly to the ground state, but many 
first forming the triplet state of the (re-reduced) primary electron donor [step (c)] via the triplet-state of the 
radical pair [step b]. The primary -donor triplet has a natural lifetime of ~50 ms but can be quenched by a 
carotenoid [step (d)]; it may also react with oxygen to produce singlet oxygen, although at a much slower 
rate than reaction with carotenoid [cf. Fig. 1 ]. The carotenoid triplet eventually reverts to the ground state 
with the release of heat [step (e)]. Usually, the direct quenching of the primary-donor triplet by carotenoid 
occurs two to three orders of magnitude faster (x./~3 0 m) than by oxygen, with an efficiency approaching 
100% at room temperature. The quenching efficiency decreases as the temperature is lowered, decreasing 
by about 50% when the temperature has reached -35-45 K, with almost no carotenoid triplet state formed 
at -10 K. In the carotenoidless mutant R26 ofRh. sphaeroides in the absence of oxygen, the [BChl ]2 
triplet decays to the ground state with a natural lifetime of -50 ms. 

X-ray crystallographic studies have established the location of the carotenoid in the reaction centers of 
Rp. viridis [cf. Fig. 1 (B)] and two wild-type strains of Rb. sphaeroides. The lone carotenoid molecule 
(1,2-dihydroneurosporenein Rp. viridis, spheroidene in Rb. sphaeroides) is located on the M-subunit side. 



Car • Bb •'[BChlJj* • B^^ • Bch^^ • (Q^') 

, ^ (b) 

Car • Bb • '[ [BChljj^ • • BO^ ] • (Qa ) <-^ Car • Bg • \ [BChl]/ • Ba • B4>a' ] • (Qa‘) 

|(c) 

Car • Bb • • Ba • BOa • (Qa“) 



hv 



Car • Bb • [BChlJj • Ba • B«I>a ‘(Qa”) 




Fig. 13. Schematic representation of carotenoid triplet state ^Ca r* formation in photosynthetic bacteria when forward electron transfer 
is blocked. See text for discussion. Figure adapted from Frank and Cogdeil (1993) The photochemistry and function of carotenoids in 
photosynthesis. In: A Young and G Britton, (eds) Carotenoids in Photosynthesis, p 301 . Chapman and Hall. 




246 



with the monomeric BChl (Br) lying between it and the primary donor and ~3 A from each (cf. Fig. 13). 
Because of the intermediate position of Bb between, and its proximity to, the primary donor [BChIji and 
the carotenoid, there has been a temptation to suggest that Bg might serve as a conduit in the transfer of 
triplet energy. This possibility was examined experimentally by Harry Frank and Carol Violette^’. Fig. 14 
illustrates the treatment of a reaction-center preparation of the carotenoidless mutant R-26 of sphaeroides 
with sodium borohydride to remove the Bb^* and subsequent reconstitution with spheroidene. Examination 
of the reconstituted reaction center by absorption spectroscopy and circular dichroism demonstrated that 
the environment of the spheroidene incorporated into the reaction center was the same as in native Rb. 
sphaeroides. Spheroidene is apparently bound to the same site whether the monomeric BChl is present or 
not. EPR and transient optical absorption measurements showed, however, that triplet energy transfer 
from the primary donor to the carotenoid was inhibited in the borohydride-treated reaction center reconsti- 
tuted with spheroidene, butlacking BCIiI(Bb). These observations provide direct evidence for the involve- 
ment ofthe monomeric BChl molecule (Bb) in the triplet energy transfer pathway. Thus, the symmetrical 
bacterial reaction-center structure serves two functions in the early events ofphotosynthesis: normal elec- 
tron transport on the L-, or A-, subunit side and triplet energy transfer on the M-, or B-, subunit side. The 
reaction center thus provides not only an effective means for achieving stable charge separation but also a 
mechanism for protecting the reaction-center complex from photodamage. 




Fig. 14. Schematic representation of removal of BChl (Bg) from the carotenoidless Rb. sphaeroides reaction center by treatment with 
borohydride treatment and subsequent incorporation of the carotenoid into the RC to form a wild strain-like complex. See text for 
discussion 

The understanding of the dynamics of triplet energy transfer has been greatly facilitated by the work of 
Larry Takiffand Steven Boxer^®’^'* who determined the first accurate values of triplet-state energies of the 
monomeric BChl a (Bb) and the [BChl a]2 donor in the reaction centers of two photosynthetic bacteria 
from measurement ofphosphorescence intensities. The typical phosphorescence intensity ofbacteriochlorins, 
however, is exceedingly low: while the fluorescence quantum yield of BChl a is an easily measurable 0.21, 
the phosphorescence quantum yield has been found to be only ~ 1 0 ’ as estimated from the intensities ofthe 
emission bands integrated over both time and wavelength. Measurements by these workers were made 
possible by a newly developed, ultrasensitive, germanium photodiode detector cooled by liquid nitrogen. 
Typical spectra of absorption, fluorescence and phosphorescence of BChl a in vitro are shown in Eig. 15 
(A). 

The phosphorescence spectrum ofthe primary electron donor is illustrated for Rb. sphaeroides in Eig. 
15 (B). Phosphorescence from the Rb. sphaeroides reaction center complex with the quinones removed 
was detected at 20 K on the long-wavelength side ofthe fluorescence and displayed an emission band with 
a maximum at 1318 nm (or 7590 cm ') and a half bandwidth of 240 cm*'. The ratio of the integrated 
intensities of this 1318-nm luminescence to that ofthe fluorescence was, as expected, quite small, only 
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-5x10 Interestingly, as seen in Fig. 15 (B), phosphorescence was not observed with the reaction-center 
complex that still contained the quinone(s). 

The triplet-state energies of the BChl a and BChl b derived from the phosphorescence spectra are 
summarized for chromophores of Rb. sphaeroides and Rp . viridis at the appropriate levels in the diagram 
in Fig. 15 (C), together with those for the respective carotenoids, spheroidene (in Rb. sphaeroides) and 
l,2-dihydroneurosporene(in Rp. viridis). Singlet oxygen is also shown. 



Wavelength, nm Wavelength, nm 

1300 1200 900 800 700 1400 1300 nm 




7000 8000 11000 12000 13000 14000 7000 7500 8000 



Wave number, cm*’ Wave number, cm 



Photoprotection - Triplet-triplet transitions 




Fig. 15. (A) Absorption, fluorescence and phosphorescence spectra of BChl a in vitro at 77 K, spectra scaled for convenient presenta- 
tion: also note break of horizontal scale; (B) Phosphorescence spectrum of quinone-depleted (-Q) and quinone-containing (+Q) Rb. 
sphaeroides reaction centers in polyvinyl-alcohol film at 22 K; (C) Energy diagram for the components involved in triplet-triplet energy 
transfer with carotenoids. (A) and (B) and numerical values for the triplet-state energies of BChls a and b and the primary-donors of Rb. 
sphaeroides and Rp. viridis, i.e., (BChl a]z and [BChl bjj, respectively, are taken from Takiff and Boxer (1987) Phosphorescence spectra 
of bacteriochlorophylls. J Am Chem Soc 1 1 0; 4425. 
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The triplet-state energy values determined by Takiffand Boxer account for the photoprotective function 
of carotenoids, based on their ability to quench the primary-donor triplets and thus prevent them from 
quenching the ' A„ state of oxygen. It is known that the primary-donor pair in the bacterial reaction center 
is ~ 10 A from the carotenoid, making it too far away for fast triplet-energy transfer. As Frank and Violette 
have shown, the monomeric BChl located between the primary donor and the carotenoid appears to medi- 
ate the formation of carotenoid triplet. The BChl-a triplet lies ~200±40 cm ' above the primary-donor 
triplet level, i.e., within CT of it at room temperature. Takiffand Boxer thus suggest that the longdistance 
transfer of triplet energy from the primary donor to the carotenoid occurs via a thermally-assisted transfer 
to the monomeric BChl first and then to the carotenoid. This proposal is also consistent with the fact that 
carotenoid triplet yield decreases sharply with decreasing temperatures, with the eventual elimination of 
triplet transfer all together at 10 K in the Rb. sphaeroides reaction centers. By contrast, the triplet level of 
the monomeric BChl b in Rp. viridis is more than 1 000 cm ' above the primary-donor triplet making such 
a mechanism energetically unfavorable and thus triplet energy transfer from the primary donor to the 
carotenoid is prevented at all temperatures up to the room temperature. 
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Light-harvesting complexes that drive photosynthesis are present in diverse forms. The Chi a/fc-binding 
proteins discussed in Chapter 12 are proteins integral to the thylakoid membrane (see Fig. 1, left). How- 
ever, in the prokaryotic cyanobacteria (blue-green algae) and eukaryotic red algae, light harvesting is 
carried out in the main by supramolecular assemblies called “phycobilisomes” (PBS) which are attached 
to the stromal surface of the photosystem-II core in the thylakoid membrane (see Fig. 1, right). Each 
phycobilisome consists of a group of brilliantly colored “phycobiliproteins” (PBP), each of which in turn 
contains covalently bonded pigments or chromophores called “phycobilins” (PB). The primary function of 
this remarkable light-harvesting apparatus is to allow the organism to survive in weak light conditions. As 
green and yellow light is transmitted unattenuated through great depths of water where the organisms 
reside, phycobilisomes possess the particular ability to absorb photons in these spectral regions where 
light is only weakly absorbed by chlorophyll, and funnel this absorbed energy to the PS-II reaction centers 
with efficiencies greater than 95%. 





Higher plants 



Cyanobacteria and red algae 



Fig. 1. Schematic representation of the iight-harvesting complexes in higher plants (left) and cyanobacteria and red algae (right). 

Phycobilisomes were discovered more than 30 years ago by Elizabeth Gantt and Sam Conti in the 
outer thylakoid layer of the red alga Porphyridium cruentum. Phycobilisomes are present in large quanti- 
ties in cyanobacteria and red algae, and may amount to as much as 50% of the soluble protein of the cell. 
Intact phycobilisomes can be readily dislodged intact from the membrane with a detergent such as Triton 
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X-100 in a highly-concentrated phosphate medium to preserve their structural integrity, and then isolated 
by differential centrifugation on a sucrose-density gradient. 

The morphology ofphycobilisomes in photosynthetic organisms can be recognized in, e.g., an electron 
micrograph of the thylakoid membrane, as shown in Fig. 2 (A) for the red alga Rhodella violacea, as 
shown in Fig. 2 (A). The view is of a cross-sectional cut perpendicular to the thylakoid membrane, where 
the phycobilisome granules are seen as semicircular aggregates. In some areas of the micrograph, the 
small rods radiating from the phycobilisome core can be seen (see inside of small circle). The electron 
micrograph at greater magnification in Fig. 2 (B) shows in more detail the structure of isolated phycobilisomes 
from the red alga Porphyridium cruentum, with each semicircular structure, ~40 nm wide, seen as consist- 
ing of a triangular core with six rods radiating from it. 

Fig. 2 (C) shows a model representing the thylakoid membrane of a cyanobacterium or a red alga, 
consisting of photosystems I and II interconnected by tbe cytocbrome-6^ complex, and tbe ATP synthase, 
CFq’CFi. The phycobilisomes are seen as attached to the stromal surface at the PS-II reaction-center core 
complex. 



(B) 






Fig. 2. Electron micrographs of phycobilisomes in the red alga Rhodella violacea (A) and phycobilisomes isolated from Porphyridium 
cruentum (B). (C) shows a membrane model consisting of the electron-transfer complexes of PS I, PS II, the cytochrome bet complex, 
the ATP synthase, CFo CF,, and the phycobilisomes. (A) and (C) from Mbrschel and Rhiel (1987) Phycobilisomes andthylakoids: The 
light-harvesting system of cyanobacteria and red algae. In: JR Harris and RW Horne (eds) Membranous Structure, pp 216, 248. Acad 
Press; (A) kindly furnished by Dr. Erhard MOrschel and (B) kindly furnished by Dr. Alexander Glazer. 






Chapter 14 Phycobiliproteins and Phycobilisomes 

I. Phycobiliproteins 



253 



Phycobiliproteins, such as phycocyanin (PC), phycoerythrin (PE), et al, are the building blocks of 
phycobilisomes in cyanobacteria and red algae, respectively. The chromophores in all cases have been 
found to be open-chain tetrapyrroles known as “phycobilins.” The structure of the four major types of 
phycobilins, namely, phycocyanobilin (PCB), phycoerythrobilin (PEB), phycourobilin (PUB), and 
phyobiliyiolin (PBV), are shown in Pig. 3. The manner in which these various phycobilin pigments are 
covalently linked to their respective polypeptides is also depicted in the figure. The relationship between 
the spectral properties and structure of phycobiliproteins will be discussed first. We will then examine the 
supramolecular assemblies of phycobilisomes, how they are assembled from the phycobiliproteins, and 
how electronic excitation energy is transferred between them. Since the supramolecular assemblies of 
phycobilisomes are major light-harvesting complexes in both cyanobacteria and red algal cells, research 
on phycobiliproteins and phycobilisomes has been very active and extensive, and the deciphering of the 
experimental results to obtain an understanding of the detailed structure of phycobilisomes has been an 
exciting endeavor in the study ofbiological structures. 




Fig. 3. Phycobilin pigments and the phycobilin-polypeptide linkages. See text for details. 
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I.A. The Phycobilin Pigments 

Unlike the chlorophyll-protein complex, where the pigments can usually he extracted with organic sol- 
vents, the extraction ofthe chromophores in phycohiliproteins require rather harsh chemical treatments as 
they are covalently linked to the proteins. Usual treatments include the use of 12 N HCl (or HBr) in 
CFjCOOH, or refluxing in methanol. From each ofthe phycohiliproteins, one can isolate the red-ahsorh- 
ing, phycohilin PCB and the hlue-ahsorhing phycohilin PEB. The phycohiliprotein, R-phycoerythrin (R- 
PE) [R for Rhodophyta], contains not only PEB, hut also the 498 nm-ahsorhing (red) PUB. The protein 
phycoerythrocyanin (PEC) contains a fourth chromophore phycobiliyiolin (PBV), which has also been 
called PXB [X implying the structure was at the time unknown], ahsorhing at 550-600 nm. 

The A-ring of each ofthe four phycohilins is hound to a cysteinyl residue ofits respective polypeptide 
via a thioether linkage [see Eig. 3]. Phycocyanohilin may additionally he hound through ring-D, in some 
species. Phycoerythrohilin and phycourohilin may form two covalent bonds through both the A- and D- 
rings with two cysteinyl residues ten amino acids apart (Cys-51 and Cys-60) in the polypeptide chain. In 
C-PC, two PCBs are bound to one polypeptide subunit, one through the A-ring and the other through the 
D-ring (not shown). Some phycohilins are isomers in a sense, differing only in the arrangement ofthe 
double bonds. Eor example, in PCB, a -CH 2 CH 3 group is linked to Cl 8 , but in PEB it was a -CH=CH 2 
group before linking a cysteine residue; there is also a difference in conjugation atC15 andC16. Note that 
small differences in the chromophore structure can produce a wide range of spectral properties in the 
phycohiliproteins . 

Isolated phycohiliprotein chromophores can assume two conformations: a porphyrin-like, helical geom- 
etry which absorbs mostly in the shorter wavelength region (300-400 nm), or an extended conformation 
which absorbs predominantly in the longer wavelength region (600-700 nm). Thus, a long-wavelength 
absorption by a phycohiliprotein indicates the presence of a phycobilin chromophore in the extended 
conformation. 



I.B. Structure and Spectral Properties of Phycobiliproteins 

The two major polypeptides making up each phycohiliprotein are the so-called a- and P-subunits, with 
molecular weights of 17 and 18 kDa, respectively, and each consisting of 160-180 amino acids. Some 
phycobiliproteins, the phycoerythrins, contain an additional, 30-kDa y-subunit. 



Subunits, a, P Monomer, (aP) 



Trimer — (apjg — Trimer Hexamer, (aP)g 




(face view) I (side view) 



Fig. 4. Assembly of phycobiliprotein trimers and hexamers from a- and p-subunits. See text for discussion. 



As depicted in Eig. 4, the a- and P-subunits in vivo form a monomer, aP, and three monomers then link 
head-to-tail to form a trimer, (ap) 3 , which in turn combine with another trimer to form a hexamer. The a- 
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and P'subunits ofC-PC, for example, contain one and two PCB chromophores, respectively [see Table 1]. 
The trimer has the form ofa disk 3 nm thick and 12 nm in diameter, with a 3.5-nm diameter hole in the 
center. In an unpurified extract of cyanobacteria or red algae, one may observe under an electron micro- 
scope not only the trimer disks but 6-nm thick hexamer disks as well, the hexamer disks clearly showing a 
faint line demarcating the two 3-nm disks. 



Billiproteins: Bilin distribution and spectral properties 




Table 1. Examples drawn from four classes of phycobiliproteins, allophycocyanin (APC), phycocyanin (PC), phycoerythrocyanin (PEC), 
and phycoerythrin (PE), arranged in the order of decreasing wavelengths of their major absorption bands, k*' and X'" are the peak 
wavelengths of the principal (and minor) absorption and fluorescence bands, respectively . See List of Abbreviations for the full names of 
the different phycobiliproteins. Tabie adapted from Glazer (1 982) Phycobilisomes: Structure and dynamics. Annu Rev Microbiology 36; 
1 78 and Glazer (1 989) Light guides. Directional energy transfer in a photosynthetic antenna. J Biol Chem. 264: 2. 
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Depending on the species, phycobiliproteins may contain different types and numbers of phycobilin 
molecules linked to the protein subunits. Table 1 lists phycobiliproteins arranged into four classes based on 
chemical and spectroscopic properties. They are allophycocyanin (APC) absorbing between 650 and 670 
nm, phycocyanin (PC) absorbing between 620 and 655 nm, phycoerythrocyanin (PEC) absorbing in the 
vicinity of 570 nm, and phycoerythrin (PE) absorbing between 540 and 570 nm. The corresponding wave- 
lengths of the fluorescence peaks of the various biliproteins are listed in the last column. The precise 
wavelength value of absorption or fluorescence varies to some extent with any given species in a class. 

The wide variety ofways in which the subunits and the phy cobilins are found combined in phycobiliproteins 
can be illustrated by three examples. In APC, each a- and P-subunit contains one PCB chromophore fora 
total of six for the (aP )3 trimer. In C-PC, each a-subunit contains one PCB chromophore and each p* 
subunit contains two, so a C-PC trimer contains altogether 9 PCBs. In R-PE there are six a- and six p- 
subunits and oney-protein subunit, i.e., (aP)6y. With each a-subunit in R-PE containing two PEBs, each 
P-subunit two PEBs and one PUB, and the one y-subunit containing two PEBs and two PUBs, there is a 
total of 34 phycobilin molecules per(aP) 5 y. 

Phycobiliproteins are water-soluble, slightly acidic with a pi ~ 5, and stable over a wide range of pH, 
from 5 to 9. All biliproteins are functionally and phylogenetically related, the different phycobiliproteins 
being thought to have descended from a common ancestor gene by gene duplication and subsequent muta- 
tions. 

The absorption spectrum of the monomer is essentially equal to the sum of absorptions of its compo- 
nents. On the other hand, the fluorescence quantum yield ofthe ap monomer is much higher than that of 
any ofthe separate components. These results suggest that association ofthe a- and p-subunits to form an 
ap monomer results in a reduction ofthe flexibility ofthe molecular skeletons ofthe bilins without altering 
their environment in any other spectroscopically significant way, as it is well known that a less flexible 
chromophore conformation inhibits the excited state from following alternative de-excitation pathways 
such as internal conversion. In the case of a denatured phycobiliprotein, the absorption is sharply de- 
creased in the visible and it is non-fluorescent. 

However, noticeable changes in the absorption spectra occur upon formation ofhigher aggregates. Eor 
example, in C-phycoerythrin the wavelengths of maximum absorption in (ap),(aP) 3 ,(aP) 6 'L and (aP)i 2 L 
(L standing for “linker” polypeptide; see Section II. A. below) are progressively red-shifted, with the ab- 
sorption maxima appearing at 575, 577, 578 and 581 nm, respectively. With the formation ofhigher 
aggregates, not only the absorption spectrum, but such properties as the fluorescence emission spectrum, 
fluorescence lifetime and quantum yield, and circular dichroism, are also affected. 

The absorption and fluorescence spectra ofthe four representative phycobiliproteins are shown in Eig. 
5: allophycocyanin from the filamentous cy mohiLCtenum Anabaena variabilis, R-phycocyanin and B- 
phycoerythrin from the unicellular red alga Porphyridium cruentum, and R-phycoerythrin from the red 
alga Gastroclonium coulteri. 

The absorption spectra of phycobiliproteins cover a large part of the visible region, from -490 nm to 
670 nm. This wide range of color is actually generated by relatively small variations in the type and 
number ofchromophores linked to the polypeptides, while their intense color can be accounted for by the 
large number of phycobilin chromophores they contain. Eor instance, phycoerythrin contains 34 chro- 
mophores in a disk 12 nm in diameter and 3 nm thick, giving an effective chromophore density of -0.2 M. 
Each chromophore has a maximum molar extinction coefficient of~2.4X10^ M*’ cm'* at its absorption 
maximum in the visible region 

Phycobiliproteins are highly fluorescent, with a quantum yield between 0.3 and 0.9, which does not vary 
markedly with temperature. The emission intensity is constant over a broad range of pH and it is not 
known to be quenched by many biomolecules. These properties have in fact made phycobiliproteins very 
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useful as fluorescent probes^: Conjugates formed from phycobiliproteins attached to certain small mol- 
ecules with prescribed binding specificity are known as “phycofluors,” and are used as orange- or red- 
emitting fluorescent probes in immunoassays and fluorescence-activated cell sorting. 



Allophycocyanin R-Phycocyanin 




u I — ^ ^ J I ^ : : 3 q 

400 500 600 700 400 500 600 700 nm 

Wavelength 



Fig. 5. Absorption and fluorescence emission spectra of isolated allophycocyanin, R-phycocyanin, B-phycoerythrin and R-phycoeryth- 
rin. Figure source: Glazer and Stryer (1 984) Phycofluor probes. Trends in Biochem Sci 9; 2. 

/. C. Crystal Structure of Phycobiliprotein Subunits 

X-ray crystallographic analysis of C-phycocyanin from Mastigocladus laminosus (a thermophilic 
cyanobacterium) shows the phycobiliprotein to be a doughnut-shaped trimer [see Fig. 7 below] . The a- 
and p- subunits have tertiary structures that are similar to one another, consistent with their sequence 
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homology. Fig. 6 (A) shows a stereo view of the structure of the (i-suhunit. The P-suhunit, like the a- 
suhunit, consists of a chain of eight interconnected a-helices, which may he represented as N- 
(X,Y,A,B,E,F,G,H)-C. Helices A,B,E and E are nearly coplanar and tilted -50° relative to helices G and 
H. Helices A, B, E, E, G and H together form the globular part of the suhunit. It is worth noting that the 
arrangement ofthe helices in this globular portion ofthe a- and P-subunits is similar to that ofthe globins 
(hemoglobin and myoglobin). In fact, the lettering ofthe subunit helices has been adopted from that used 
for the globins, which have two additional helices, labeled C and D. these divergent evolutionary species, 



Subunits Monomer 



Trimer — (aP)3— Trimer Hexamer 




(ocp)6 




Fig. 6. Top: Schematic representation ofthe assembly of phycobiliprotein trimers and hexamers from the a- and p-subunits (same as 
Fig. 2). (A) Stereogram ofthe C-PCp-subunit;(B) stereogram ofthe C-PC(ap)-monomer. Helices are represented by cylinders: 
those ofthe p-subunit are labeled with uppercase letters and those of the a-subunit with lowercase letters. Chromophores in (A) and (B) 
are represented by wire models. Figure source: (A) and (B) Schirmer, Bode, Huber, Sidler and Zuber (1985) X-ray crystallographic 
structure of the light-harvesting biliprotein C-phycocyanin from the thermophilic cyanobacterium Mastigocladus laminosus and its 
resemblance to globin structures. J Mol Biol 1 84: 268, 272. 
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one a light-harvesting and one an oxygen-binding protein, are obviously phylogenetic ally related, and most 
likely derived from one common ancestor gene. 



Subunits Monomer Trimer — (aP)3 — Trimer Hexamer 




Fig. 7. Top: Schematic representation of assembly of phycobiliprotein trimers and hexamers from the a- and p-monomers (same as Fig, 
6). (A) Stereograms and other views of the (ap)j trimer and (B) those of the (ap)e hexamer. Figure source: (A) and (B) Schirmer, Bode, 
Huber, Sidler and Zuber (1985) X-ray crystallographic slructure of the light-harvesting biliprotein C-phycocyanin from the therrnophUic 
cyanobacterium Mastigocladus laminosus and its resemblance to globin structures. J Mol Biol 1 84: 275 and Schirmer, Huber, Schneider, 
Bode, Miller and Hackert (1 986) Crystal structure analysis and refinement at 2.5 A ofhexameric C-phycocyanin from the cyanobacteriurn 
Agmenellum quadruplicatum. The molecular model and its implications for light harvesting. J Mol Biol 186: 668. 

Each p- subunit contains two phycocyanobilins (PCB), one covalently bound to a cysteinyl residue at 
position 84 in helix E and the other to a cysteinyl residue at position 155 located on the loop between 
helices G and H [see stereo view in Eig. 6 (A)], while each a- subunit contains only one PCB covalently 
bound to the cysteinyl residue at position 84. Accordingly, these chromophores are designated as p-84, p- 
155 anda-84, respectively. 
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As noted in Section LA, each of the chromophores hound to the polypeptide is in its extended conforma- 
tion, that is stabilized hy H-honding to amino acid residues, with slight structural differences accounting 
for the different spectral properties of the chromoproteins. Although the degree of homology between 
subunit polypeptides from various cyanobacteria and red algae ranges from 21 to 67%, the cysteine resi- 
dues at positions a-84 and P-155 (as well a- 1 44 and P*5 1 /60) used for linking phycobilins through their 
A- and D-rings are highly conserved. 

In each subunit, the helices X and Y atthcN-terminus ofthe P-subunit form a U-shaped protrusion [see 
Fig. 6 (A)]. In the (aP)-monomer, this protrusion is very close to helices a and e ofthe a-subunit [see Fig. 
6 (B)]. The interaction between these protrusions determines the configuration ofthe (aP)- monomer, 
whose overall shape resembles that of a “boomerang.” In the representation of(aP)- monomer in Fig. 6 
(B), uppercase letters are used for the helices ofthe p-subunit, with the lowercase letters for the a-subunit. 

Three (ap)- monomers bind head-to-tail to form a doughnut-shaped trimer, (aP )3 [see Fig. 7 (A), left], 
12 nm in diameter and 3 nm high, with a center-hole 3.5 nm in diameter. The interaction between two 
(aP)-monomers leading to trimer formation is unlike the interaction between the a- and P-subunits in the 
monomer itself. In the trimer, the loop between the B and E helices in the p-subunit of one monomer fits 
into a pocket formed by the X and Y helices of the P- subunit and the e and f helices of the a- subunit of the 
next monomer. The trimer has thus been likened to a “water wheel,” with the a- subunits forming the tips 
ofthe “paddles” [see Fig. 7 (A)]. 

The phycobilin pigments in the trimer are arranged in a circle; the a-84 chromophores are in the paddles 
ofthe wheel, the p- 1 55 chromophores are near the periphery, and the P-84 chromophores closer in toward 
the center hole ofthe trimer [see Fig. 7 (A), right]. In the (aP)-monomer, the center-to-center distance 
between the a-84 and P-84 chromophores is ~36 A. In the trimer, the corresponding distance between the 
a-84 chromophore of one (aP)-monomer and the P-84 chromophore ofthe adjacent monomer is about 22 
A. Interaction between the latter two chromophores at this close range accounts for the greater absorbance 
in the visible in the trimers compared to that in the monomers. Furthermore, since a-84 is known to be a 
sensitizing pigment, i.e., an energy donor and (3-84 a fluorescing pigment, i.e., an energy acceptor, an 
approach this close between a sensitizing chromophore in an a-subunit and an fluorescing chromophore in 
a P-subunit would be expected to result in efficient energy transfer, as is observed. 

The structure ofthe hexamer formed from two rotationally staggered trimers is shown in Fig. 7 (B). As 
seen in the stereo view in Fig. 7 (B), left, the P-subunits in one trimer are on top ofthe a-subunits of 
another. Formation of a hexamer from two trimers face-to-face would involve mediation by the a-sub- 
units. In the stereo view in Fig. 7 (B), left, the P-subunits are drawn in heavier lines and the a-subunits in 
thinner lines. A sketch ofthe six monomers (twelve subunits) is shown in Fig. 7 (B), right, where the 
numbers denote the (aP)-monomers and the Greek characters a and P subunits. 

II. Phycobilisomes 

As seen earlier in Fig. 2, a phycobilisome is a fan-shaped set of supramolecular assemblies, consisting 
of a triangular core with six short rods radiating outward, with each phycobilisome being attached to the 
thylakoid membrane through the core complex. In crude extracts of cyanobacteria, these short rods are 
seen in electron micrographs to have a diameter of ~12 nm, as expected for stacks ofhexamers, with 
clearly marked divisions 6 nm apart along the rod and faint divisions midway between. 

In a medium of high ionic strength, in vitro hexamers can build up into short rods. However, such 
aggregation appears to require the presence of a so-called “linker” polypeptide (symbol “L”), which ap- 
parently serves as a kind of “glue.” Since it has been shown that phycobiliproteins purified to strict 
homogeneity cannot form these phycobilisome subassemblies. The presence ofthese linker polypeptides in 




Chapter 14 Phycobiliproteins and Phycobilisomes 



261 



cyanobacteria was first established by Nicole Tandeau de Marsac and Germaine Cohen-Bazire"^ in 1977. 
Up to that time, it had been generally assumed that the phycobiliproteins alone could account for all the 
proteins in phycobilisomes. However, after examining phycobilisomes isolated from eight different 
cyanobacteria, these authors found that a small number ofmostly colorless polypeptides, with molecular 
weights higher than any ofthe biliprotein subunits, amounted to -15% ofthe total protein. Among these 
generally colorless proteins, those ofthe highest molecular weight (70-120 kDa) were found in the washed 
membrane fraction ofthe cell, which suggested at first that they are associated with the thylakoids and 
probably serve as a link between the phycobilisomes and the membrane. 

II. A. The Linker Polypeptides 

As noted above, most linker polypeptides are colorless proteins, but some also contain phycobilin chro- 
mophores, endowing them with the ability to harvest light as well as apparently aid in the assembly ofthe 
phycobilisomes. While phycobiliproteins are acidic and hydrophilic, most linker polypeptides are basic 
and all are highly hydrophobic, electrostatic forces may also be an important factor in their function. With 
the recognition of the linker polypeptides, phycobilisome polypeptides may be classified into four groups 
according to their molecular weights as shown here, with the linker symbol, L, subscripted to indicate the 
specific linker function: 

1. 70-120 kDa -L cm 

2. 25- 30 kDa — L^, Lrc 

3 . 12- 22 kDa - a-, P-subunits; an 18.3 kDa polypeptide; a-APC (the a-subunit of APC) 

4. 9- 12kDa-Lc 

Group (1) includes the linker polypeptides, Lcm- involved in the attachment of phycobilisomes to the 
thylakoid membrane, with the subscript “CM,” referring to its role as a linker at the core-to-thylakoid 
membrane junction. Each of these high-molecular weight polypeptides, which are found remaining in the 
thylakoid fraction after the phycobilisomes were removed by washing, contains one phy cocy anobilin chro- 
mophore. The linker polypeptides Lr and Lrc in Group (2) are either involved in assembling the biliproteins 
to each other in the rod, or in attaching the rod to the core. Group (3) includes the a- and P-subunits of 
phycobiliprotein as well as an 18.3-kDa polypeptide and possibly the a-subunit of APC. The 18.3-kDa 
polypeptide contains one phycocy anobilin and is the core subunit present in the phycobilisomes of most 
species. Since its sequence is homologous to that ofthe P-subunit of AP-B (ahophycocyanin-B), the 18.3- 
kDa polypeptide has often been abbreviated as p'*'^. Group (4) includes linker polypeptides present in the 
core complex, and are denoted by the symbol Lq. 

From various in vitro experiments, a picture has evolved to suggest a possible mechanism of how the 
linker polypeptide reacts with the biliprotein subunits to assemble the substructures ofthe phycobilisomes. 
Components and subassemblies of various phycobiliproteins together with their generic designations are 
shown in Fig. 8 (A). The various linker polypeptides are distinguished from each other by superscripts 
referring to their molecular weights. In an early step in the assembly of a rod, as represented by reaction 
(1) in Fig. 8 (B), the linker polypeptide acts as a primer to induce the formation of the trimer-linker 
complex, (aP) 3 -FR’^''^'. Under suitable conditions, the trimer-linker complex can serve as a template primer 
for the formation of a hexamer-linker complex, (apjs’UR'^''^' , as shown in reaction (2) where two trimers 
are associated face-to-face [see a/p layering in Fig. 7 (B) right]. Note that a large portion ofthe linker 
polypeptide is buried within the trimer formed in reaction (1), leaving only a small segment ofthe linker 
projecting from the face ofthe trimer. This small projection has been assumed to be the domain that links 
one hexamer with another linker complex, as shown in reaction (3) where this projecting segment links a 
(aP)j-LR'^"'' with a(aP)g-LR'^'''^ to form a rod subassembly. 
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Fig. 8. Representations for the phycobilisome rod components and linker polypeptides (A) and mechanism of assembly (B). Figure 
adapted from Mbrschel and Rhiel (1 987) Phycobilisomes and thylakoids: The light-harvesting system of cyanobacteria and red algae. 
In: JR Harris and RW Horne (eds) Membranous Structure, p 238. Acad Press; drawn after results of Glazer (1982) Phycobilisomes: 
structure and dynamics. Annu Rev Microbiol 36: 183 



II.B. Spatial Structure of Phycobilisomes in Anabaena variabilis 

When cyanobacterial or red algal cells are broken by osmotic shock in a low-salt solution, the biliproteins 
and phycobilisome subassemblies are released and solubilized. The size ofthe subassemblies depends on 
such conditions as pH, ionic strength, temperature, protein concentration, presence or absence of deter- 
gents. However, phycobilisomes can be isolated intact by breaking the cells in a moderately concentrated 
(0.65-1.0 M) Na/K phosphate buffer (pH 7-8) containing 1 % or less Triton-X 100. After a short period of 
incubation intact phycobilisomes are released from the broken cells, aided by detergent action. The 
phycobilisomes may then be separated and purified free of chlorophyll by centrifugation in a sucrose 
density gradient ofthe same medium. 

The phycobilisome core is the site of attachment to the thylakoid membrane. Hemidiscoidal phycobilisomes, 
shown earlier in Fig. 2, are present in both cyanobacteria and some red algae, while hemiellipsoidal 
phycobilisomes are found only in certain other red algae. The phycobilisome in the thylakoid-less 
cyanobacterium Gloeobacter violaceus is present as a bundle of six rods; in the phycobilisome of 
Synechococcus 6301, the core (attached to the thylakoid) has only two short rods attached. 

The phycobilisome of Anabaena variabilis, shown schematically in Fig. 9, consists of six rods, each rod 
made up of 2-4 hexamer disks and attached to a core unit consisting of four trimer disks (fourth disk not 
represented in Fig. 9). Partial dissociation of some of the hexamer disks from the rods and subsequent 
examination by immuno-electron microscopy of the fractured phycobilisome structures that still remain 
bound to the membrane confirmed the general expectation that the shortest-wavelength absorbing PECs 
are present in the peripheral disks, while the longer- wavelength absorbing phycocyanin is present in disks 
proximal to the core, and the still longer-wavelength absorbing APCs and AP-Bs and a 120-kDa linker 
polypeptide, Lcm'^°. are present in the core. This order is consistent with the required electronic energy 
transfer properties for these disks, i.e., the wavelength of peak absorption shifts toward the red as one 
moves from the peripheral disks toward the core, and energy transfer is toward the core following the 
pathway, PEC -> PC APC. 
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Fig. 9. Schematic representation of the phycobilisome from Anabaena variabilis showing the location of the biliproteins and linker 
polypeptides. See text for details. Adapted from Glazer (1 984) Phycobilisomes: A macromolecular complex optimized for light energy 
transfer. Biochim Biophys Acta 768: 42. 

Phycobilisome rods of Anabaena variabilis contain mostly phycocyanin (PC), a minor amount of phy- 
coerythrin (PE), and four linker polypeptides with molecular weights of 27, 29, 30.5 and 32.5 kDa. The 
phycocyanin and phycoerythrin content depends on culture conditions, such as light quality, temperature, 
etc. The order ofphycobiliprotein complexes along the rod is indicated for Anabaena variabilis in Fig. 9; 
the experimental confirmation of this sequence will be described below. 

Extensive fractionation of the dissociation products from A. variabilis phycobilisomes led to the isola- 
tion of three PC complexes, (aP) 3 'LRc^’, (ap) 3 -LR^^'* and(aP) 3 'LR^^ and one phycoerythrocyanin com- 
plex With such trimer-linker complexes available, in vitro reconstitution experiments could 

be performed to help clarify the sequence of the components in the rods and how the linker polypeptides 
mediate rod assembly. As already shown in Fig. 8, a large portion ofthe linker polypeptide is buried inside 
the trimer, and only the small segment ofthe linker that is projecting outside the trimer is apparently able 
to link with the next trimer or hexamer. 

Eimited tryptic degradation ofthe linker polypeptides Lr^^'^ and Lrc^^, still associated with their respec- 
tive biliprotein complexes, resulted in L^® and L^', respectively, i.e., 4.5- and a 6-kDa portions, presum- 
ably belonging to the exposed domains, were removed by tryptic degradation. These results are shown in 
Fig. 10(A). 

As shown in Fig. 10 (B, 1), after the 4.5-kDa portion ofthe linker polypeptide had been removed from 
the original trimer complex, leaving (aP) 3 -L^®, its non-linker side (left face in the figure) is apparently 
unaffected as it can still attach another trimer to form a hexamer. However, without the projected domain 
this hexamer cannot attach (aP) 3 'LRc^^ to its right, as illustrated earlier in Fig. 8 (B, 3). It was also shown 
that(aP) 3 'L^^ with the projection still intact, apparently cannot attach (aPjg'L^® to its right either. These 
results suggest that (ap) 3 'LRc^^ demands a specific and restricted location in the assembly, namely, the 
position nearest the core. 
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(A) 



(B) 



Fig. 10. Aggregation behavior of Anabaena variabilis phycocyanin complexes with the 32.5- and 27-kDa linker polypeptide after tryptic 
degradation. Original data from Yu and Glazer (1 982) Cyanobacterial phycobilisomes. Roles of the linker polypeptides in the assembly 
of phycocyanin. J Biol Chem 257: 3430 and Glazer (1982) Phycobilisomes: structure and dynamics. Annu Rev Microbiol 36: 189. 
Figure drawn in a form similar to that of Fig. 8, using the graphic representation of MOrschel and Rhiel. 

When the exposed portion of(aP)6'L^’ is removed in a parallel experiment to form the hexamer(aP)g'L^', 
hy tryptic degradation, its left face remains unaffected, as the left face of the resulting (aP)6-L^' is appar- 
ently able to continue to attach (aP)6-L^^'^ hexamers as shown in Fig. 10 (B, 2). Results from this experi- 
ment are consistent with the conclusion arrived at earlier, namely that (aP) 5 'L^^ or its truncated product, 
(aP)6'L^', has to he at the terminal position, since its projection prohahly serves the function of attaching 
the rod to the core complex. 

A similar finding also confirmed to he at this location in a rod suhassemhly in Synechoccocus 

6301. Lundell, Williams and Glazer^ reported earlier that in a solution containing the 27- and 33-kDa 
linker polypeptides and phycocyanin, the length ofrods formed is inversely proportional to the ratio ofthe 
27-kDa to the 33-kDa polypeptides, indicating that (aP)g'L^’ most likely occupies the terminal position 
where it inhibits any further lengthening ofthe rod. 

II. C. Spectral Properties of Phycobilisomes 

As the supramolecular structure of phycobilisomes is formed, the absorption in the visible region is 
further enhanced. Apparently, the absorption is influenced by interaction ofthe chromophore with the 
protein environment, resulting also in a significant red shift of the absorption bands and a higher fluores- 
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cence quantum yield. An additional influence is exerted by the linker polypeptide, as it functions not only 
as a linker but can also modulate the spectral properties ofthe biliprotein to which it is attached. 

It is obvious that for radiant energy absorbed by any one of the chromophores to be transferred effi- 
ciently along the rod toward the core and eventually to the chlorophyll in the thylakoid complex, it is 
necessary that the hexamer-linker complexes along the rod have appropriate spectral properties. Since all 
three hexamer disks in some rods may contain only PC, its spectral properties must be appropriately 
modulated to fulfill the condition for directional energy transfer. In Synechococcus 6301, for example, the 
spectral properties ofthe three PC hexamer disks along the rod are indeed modified by their linker polypep- 
tides from the outer end ofthe rod to the core, as shown here from left to right: 

nm 620 622.5 622.5 638 

nm 637 643 648 652 

This trend in spectral properties promotes energy transfer in the proper direction. Therefore, linker polypep- 
tides not only have the function of linking biliprotein complexes together and controlling the position ofthe 
hexamer units along the rod, but also of modifying the spectral properties ofthe linked hexamers in order 
to achieve efficient energy transfer toward the core. 

In general, a phycobilisome contains several kinds ofbiliproteins, and its absorption spectrum reflects 
the contribution of each. On the other hand, as a result of energy transfer among the tightly coupled 
biliproteins in the phycobilisome, fluorescence is expected to originate mostly from the longest-wavelength 
component. As illustrated in Fig. 1 1 (A), phycobilisomes from cells of different species can have quite 
different absorption spectra. For instance, the absorption spectrum of a Porphyridium cruentum 
phycobilisome shows absorption bands characteristic ofthe component chromoproteins PE, PC and APC 
at 545-565,620 and 650 nm, respectively, Anacystis nidulans only shows the absorption band of PC 
and a shoulder from APC. But, as shown in Fig. 11 (B), in spite ofthe quite different biliprotein 



(A) (B) 




500 600 700 600 650 700 nm 



Fig. 11. Absorption (A) and fluorescence emission spectra (B) of phycobilisomes of P. cruentum and A. nidulans. Figure from Gantt 
(1986) Phycobilisomes. In: LA Staehelin and C J Arntzen (eds) Encyclopedia of Plant Physiology, New Series. Vol. 1 9, p 262. Springer. 
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composition, the fluorescence-emission spectra ofboth species appear nearly the same, each consisting of 
just a single peak at -675 nm. This shows that energy transfer in both phycobilisoines is very efficient. 
Generally, therefore, with all phycobilisomes, irrespective of algal source or protein composition, as long 
as the structure provides tight energy coupling, the fluorescence emission spectrum appears almost always 
to originate from the terminal chromoprotein, adjacent to the core. The presence offluorescence emission 
bands of shorter wavelengths would surely mean an inadequate energy coupling in the phycobilisomes, 
thus reducing the efficiency of energy transfer to the terminal point. On the other hand, when phycobilisomes 
are bound to the thylakoid membrane, the fluorescence ofphycobiliproteins is expected to be low, because 
all the energy from phycobilisomes is channeled to chlorophylls in the thylakoids. 



II.D. Energy Transfer among Chromophores in Anabaena Variabilis Phycobilisomes 

Brody and Rabinowitch® and Tomita and Rabinowitch^ pioneered, more than forty years ago, excitation- 
energy transfer measurements in the subnanosecond range, from phycobilins to chlorophyll a in intact 
cells of several algae, using fluorescence lifetime studies. Energy transfer in phycobilisomes on the pico- 
second time scale was first examined, also more than twenty years ago, by Porter, Treadwell, Searle and 
Barber^ in intact cells of the red alga Porphyridium cruentum. They used a 565-nm pulse to selectively 
excite B-PE and found the fluorescence risetimes for R-PC (at 636 nm), APC (at 660 nm) and chlorophyll 
(at 680 nm) to be 12,24 and 50ps, respectively. These results were interpreted as evidence for a sequential 
energy transfer, i. e., B-PE -> R-PC -> APC -> Chi. 

Eurther insights into the mechanism of energy transfer in phycobilisomes were obtained by using pico- 
second measurements with even better time resolution as well as improved spectral resolution through the 
use of samples maintained at low temperature. We present here the study ofMamoru Mimuro and cowork- 
ers^ on time-resolved fluorescence spectra ofboth phycobilisomes and the APC-core complex isolated 
from Anabaena variabilis (M-3) cells. The phycobilisome rods in the M-3 cells contain PC only, thus 
simplifying the analysis. The APC core complex, isolated by partial dissociation of the phycobilisome, 
was useful for examining energy transfer restricted to the core portion only. Measurements were made on 
samples at 77 K using a 6-ps, 580-mn pulse from a mode-locked argon laser for preferential excitation of 
C-PC. 

Pig. 12 (A) shows fluorescence spectra of phycobilisomes recorded at different times after excitation. 
Initially a small emission band at 620 nm and a major band at 640 nm appeared, the latter shifting to 645 
nm with time. The 645-nm emission due to PC reaches the maximum intensity at ~40ps, while the fluores- 
cence peak near 660 nm from APC begins to appear at ~50ps. This 660-nm band shifts to 665 nm with 
time and reaches a maximum intensity at ~200ps, and then decays rapidly after that. Concomitant with the 
decay ofthe 665-nm emission is a rise ofa 685-nm emission from the terminal emitter. At -1 ns (see the 
932-ps spectrum), the 645- and 665-nm bands have almost entirely decayed, and only the 685-nm band 
remains. These results are consistent with a sequential transfer of excitation energy from the rod to the 
core, i.e., PC —> APC —> terminal emitter. 

A more detailed picture of the energy-transfer sequence was revealed by additional kinetic analysis. 
Mimuro et al.^ obtained rise and decay curves for the individual chromophores by deconvolution ofthe 
time-resolved fluorescence spectra based on the relative intensities obtained by photon counting. The time- 
resolved fluorescence spectra could be computer-fitted to the reported emission spectra of nine major 
chromophores; four belonging to the rod PC and the remaining five to the APC-core complex. 

Deconvolution ofthe initial spectrum, when PC fluorescence is at a maximum, resolved four PC chro- 
mophore components with emission bands at 623,639,644 and 652 nm [see Pig. 12 (B)]. In the 665 and 
685 nm regions the red shift ofthe maxima with time could be accounted for by two component bands 
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Fig. 12. (A) Time-resolved fluorescence spectra of A. nidulans phycobilisomes measured at 77 K. Excitation by 6-ps, 580-nm argon laser pulse. Three small ticks 
in the topmost spectrum (at 932 ps) indicate locations of maximum fluorescence at 0 ps. (B) Rise and decay of various fluorescent components derived from decon- 
volution of the fluorescence spectra. Assignment of individual fluorescent components are shown in the right margin. (C) Energy flow among individual chromophores 
in the phycobilisomes. The asterisk in (B) and (C) indicates a linker polypeptide is attached to the trimer. See text for discussion. Figure source; Mimuro (1989) Studies 
on excitation energy How in the photosynthetic pigment system; structure and energy transfer mechanisms. Bot Mag Tokyo 1 03: 244. 
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each, namely the 660- and 666-nm bands belonging to APC and the 680- and 686-nm bands belonging to 
the a- subunit ofAP-B and the anchoring linker polypeptide, L*’, respectively. However, a best fit of the 
curves requires an additional band at 673 nm, which was attributed to the 16.2-kDa linker polypeptide in 
a core disk. The emission bands ofthe core components were further confirmed by deconvolution oftime- 
resolved spectra obtained from the isolated APC-core complex, where interference by PC emission would 
be absent. Results obtained with the isolated APC-core complex agree well with those obtained with the 
phycobilisome, except an extra component at 673 nm is required for best curve fitting. 

The chromophore responsible for each fluorescence kinetic curve is assigned the letter “F’ followed by 
the peak wavelength ofthe emission peak. Identification ofthe fluorescent chromophores, based on the 
previous measurements ofMimuro, Fiiglistaller, Riimbeli and Zuber'°, showed that P-1 55, a-84 and P-84 
and chromophores of PC rods emit at 622, 638 and 642 nm, respectively, and that energy transfer pro- 
ceeds from p- 155 to P-84 and then from a-84 to p-84. The fluorescent species (F) and the responsible 
chromophore belonging to each kinetic curve are listed on the right margin of Fig. 12 (B). For each kinetic 
curve the maximum intensity is indicated by a tick mark. The times at which the maximum intensity of 
each ofthe four fluorescence components originating from PC are achieved are consistent with a sequen- 
tial energy transfer along the long axis ofthe phycobilisome rods toward the core. 

Energy flow among the individual chromophores of a phycobilisome rod is illustrated in Fig. 12 (C). 
From the chromophores identified, the fastest decaying is the one observed at 623 nm, its rapid decay most 
likely due to energy transfer from P- 1 55 to p-84 or to another p- 1 55 in an adjacent trimer [see Fig. 12(C), 
top]. Energy transfer between a-84 in one monomer and (3-84 in an adjacent monomer is known to occur 
in less than Ips, and thus not detectable with the time resolution available. The F639 component has been 
interpreted as a reflection of a shift in the excitation equilibrium between the a-84 and P-84 chromophores, 
i.e., a change in the difference between the rate constants for forward and reverse energy transfer. The 
decay curves for F644 and F652 are nearly the same, and energy transfer between them is unlikely. It was 
concluded that the main energy flow in the rod occurs via the a-84 and P-155 chromophores in dual 
pathways along the rod axis, the p-84 chromophores functioning as an energy pool in rapid equilibrium 
with the a-84 chromophores. F652 most likely originates from P-84* (* indicating the presence of a linker 
to the polypeptide subunit) located in the trimer that serves as the energy donor to the adjacent core 
complex. 

The assignment ofthe fluorescence species in the core complex appears more complicated. Five fluores- 
cence components, F660, F666, F673, F680, and F686 have been resolved [see Fig. 12 (B)J. The maxi- 
mum intensities ofthe five kinetic curves do not show a straightforward sequential tendency. For instance, 
energy transfer from F666 to F673 does not appear to occur [see Fig. 12 (B)J. F660 and F666 have been 
assigned to the APC: P-84 without and with a 10-kDa linker polypeptide, respectively. It was previously 
reported by Mimuro, Lipschultz and Gantt" that in Nostoc phycobilisomes an F680 attributed to an a- 
AP-B subunit and ^nF686 attributed to the 94-kDa anchor polypeptide are independent terminal emitters. 
Similarly, kinetic data in Fig. 12 (B) show that the rise ofF686, rather than F680, corresponds to the decay 
of F673. These results led Mimuro et al^ to propose two separate energy-transfer pathways in the core 
complex: one, F660 —> F673 -> F656,corresponds first to atransferfrom P-84 without a linker polypep- 
tide to a 16.2-kDa linker polypeptide and then to the anchor polypeptide; the other, F666 — > F680, corre- 
sponds to a transfer from p-84* (with a linker polypeptide) to a-AP-B. Mimuro etaZ.^ further pointed out 
that the core structure involving two independent, energy-transfer pathways as proposed above in Fig. 12 
(C) is in basic agreement with the assembly model ofGlazer’^"*’^^. 
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Photosystem II of the photosynthetic thylakoid membrane is activated only by light with wavelength 
measurably shorter than 700 nm. When the primary electron donor P680 is photoexcited it becomes 
oxidized and an “intermediary” electron acceptor a pheophy tin molecule, is reduced: P680*dh + /jv'-> 

P680‘*O— > P680'^»O . (The subject of <I) will be discussed in detail in Chapter 17.) The P680'^/P680 
couple has a very positive {i.e., oxidizing) redox potential enabling it to extract electrons (indirectly) 
from water, resulting in the splitting of water molecules into molecular oxygen, electrons and protons. 
The extra electron on 0“ is transferred further to the protein-bound plastoquinone molecule Q^. In pho- 
tosystem II, the semiquinone of must first transfer an electron to the protein-bound plastoquinone Qu 
before it can receive another electron from O" in a second round of photoexcitation. Qg, however, can 
accept two electrons in succession to form the fully reduced hydroquinone (see Chapter 16 for details). 
This reduced hydroquinone molecule (QbH 2 ) is then exchanged with an oxidized plastoquinone mol- 
ecule in the quinone pool in the membrane matrix, and this two-electron reaction cycle can then be 
repeated. The reduced plastoquinone eventually goes to reduce P700'', the photooxidized primary donor 
of photosystem I, resulting in the uptake and release of protons on opposite sides of the thylakoid mem- 
brane and thus providing an important mechanism for the storage of some of the absorbed solar energy. 
The sequence of electron- transfer events may be written as: 

[HjO -> -^ '/2 O 2 1 + 2H" + 2e ] -> -> PS II [PQ + 2H" +2e PQH 2 ] ^ PS I 

/ \ 

[P680 d> + hv^ P680* <I> ^P680" cD-] 

where the “double arrows” stand for other electron-transfer steps, which are the topics discussed else- 
where in the book. 
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The electron used for restoring {i.e., reducing) P680' ultimately comes from a water molecule, via a 
cluster of Mu atoms and a secondary electron-donor molecule called Yz- Stoichiometry requires four, 
one-electron transfer steps to evolve one molecule of oxygen from two molecules of water. The states 
generated by this four-step process are called the “S-states.” Oxygen evolution promoted by electron- 
transport through photosystem II may be written as: 

'/2O2 

71 

HjO S-states -* Yy -> [P680*cI)]"Qy^*QB»PQ-pool -> PS I 

In this chapter, we will look at how charge separation takes place in PS-II reaction centers after 
photoexcitation and at the properties of the PS-II primary electron donor P680. In the following chapter 
we will discuss the so-called “stable primary” electron acceptor Q/^ and the secondary electron acceptor 
Qg. This will be followed by a discussion of the “intermediary” electron acceptor, the species that actu- 
ally accepts the electrons from the photoexcited primary donor P680 . We adopt this sequence ofpresen- 
tation because the reduction ofQ was experimentally more readily observed than that of O and was quite 
naturally the first experimentally observed acceptor in the course of photosystem-II research. 

The importance of biological oxygen evolution can hardly be overemphasized from the standpoint of 
the biosphere, as practically all the earth’s supply of atmospheric oxygen comes from and is maintained 
by the regeneration processes carried out by algal and plant photosynthesis. Until recently, detailed 
knowledge of the mechanism of water splitting to release oxygen had been lacking but in the past few 
years some important experimental advances have provided valuable new insights. The subject of water 
oxidation will be discussed in Chapters 18 to 24, which include various other related topics, including 
Y'z, the secondary electron donor to the photooxidized P680^. 



I. The Primary Electron Donor of Photosystem II, P680 

We may depict the PS-II reaction center core that has the minimum composition for light-induced 
charge separation simply as [P680*tl)], but we may extend the concept of the reaction-center core to 
include a secondary donor, Y^, and a secondary acceptor, Q, so that we can visualize the steps beyond 
the primary charge separation: 

Yz*[P680*(D]*Q + hv-> Yz*[P680’*O]*Q Yz*[P680^*cp ]*Q -> -~>Yz**[P680*<I>]*Q 

/. A. Absorbance Changes accompanying P680 Photooxidation 

The primary electron donor P680 of PS II was first characterized by Dbring, Renger, Vater and Witti 
by means of flash-induced absorbance changes in spinach subchloroplasts enriched in PS II. The differ- 
ence spectrum they obtained from 420 to 725 nm is shown in Fig. I (A). The rate of P680 bleaching was 
reported to be < 20 ns. The portion of the signal with a decay time of -200 /js was used for plotting the 
absorbance-change spectrum, which displayed major absorbance decreases at 435 and 682 nm and a 
minor one at 640 nm. Note that the term “P680” was first coined by Rabinowitch and Govindjee^’ in 
their Scientific American article in 1965 and widely adopted in current photosynthesis literature for the 
primary donor but it was called “Chi an” by Doring etal}. It should also be mentioned that since the 
strong PS II fluorescence generated by the excitation beam in the red region can interfere with the 
measurement of P680 absorbance changes, the monitoring beam was modulated at a high frequency so 
that the absorption-change signal could be extracted from the fluorescence background signal . Doring 
et al. * also reported that the P680 change can only be elicited by light at wavelengths below 700 nm. 
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It was subsequently found by van Gorkom, Pulles and Wessels^ that P680 photooxidation is also 
accompanied by an absorbance increase in the 820-nm region, as shown by the “light-minus-dark” spec- 
trum in Fig. 1 (B), obtained with digitonin-fractionated PS-II subchloroplasts. It can be seen from this 
figure that although there are no sharp features in the near-infrared region, there is nevertheless clearly 
an absorbance increase, with a maximum near 820 nm. Thus P680 changes can be monitored in this far- 
red region without interference from fluorescence. However, it should be pointed out that this far-red 
absorbance increase is not exclusive to P680 since, for example, P700, the primary electron donor of 
photosystem I, also produces an absorbance increase in this spectral region when it is photooxidized. 
Using near-infrared light for monitoring P680 photooxidation does have some other advantages, the 
most important being that the monitoring light does not cause photochemical bleaching of the chloro- 
plast particles. Furthermore, photodiodes emitting coherent, near-infrared laser light are readily avail- 
able as monitoring-light sources. 

As is now known, P680 undergoes photooxidation not just in a few nanoseconds but actually in a few 
picoseconds. We will defer the discussion ofthe rapid kinetics of P680 photooxidation to Chapter 17. As 
mentioned above, the difference spectrum in Fig. 1 (A) is that of changes with a decay time of -200 fjs, 
which are probably due to the back-reaction of P680^ with a reduced secondary electron carrier on the 
reducing side of photosystem IF 

Subsequently it was found that with greater time resolution two small components of AA decay in 
-35 ns and -30 //s, respectively. These multiple decay rates were interpreted as due to recombination of 
two different populations of P680^with other electron carriers, such as Yz,Ym etc., in the PS-II reaction 
center: (Yz/Yd)*[P 680'^»O]»Q“. Although under normal, active oxygen-evolving conditions the rapid 
nanosecond decay components of photooxidized P680^ are difficult to detect and measure without ad- 
equate time resolution, the components arising from the reaction with the secondary donors may be 
retarded by various chemical treatments such as NH 2 OH, Tris or low pH. After any of these treatments, 
the predominant route of decay of P680’ is the slower recombination withQ' in 200 fjs at room tempera- 
ture. 

At sufficiently low temperatures, photoinduced charge separation in PS II still takes place, but P680* 
cannot react with Y^, even in chloroplasts capable of oxygen evolution at room temperature. Instead, 
most of the P680* recombines with Q“ in -3 ms. At low temperatures, a small portion of P680^ can 
oxidize cytochrome b559 present in the reduced state. Cytochrome b559 is a chloroplast component of 
yet unknown role; its properties and possible function will be discussed below under Section III. 

A representative absorbance-change signal for P680 photooxidation in steady light is shown in the 
inset of Fig. 1 (B). The rapidly decaying portion, which presumably represents the recombination of 
P680^ and Q^", was used to construct the difference spectrum. Thus, it should be recognized that the 
difference spectrum is a sum of changes due to both P680 and i.e., AA=[AA(P680^— >P680) + AA(Qyi^“ 

~^Qa)]- Changes in the red region probably belong to P680 only, while those in the ultraviolet region 
that has been examined belong primarily to Q^. In later work, Gerken, Dekker, Schlodder and Witt'* have 
been able to obtain a net difference spectrum representing changes in the blue region due to [P680*’- 
P680] exclusively, as shown in Fig. 1 (C). These workers, using an oxygen-evolving PS-II particle 
prepared from a cyanobacterium Synechococcus, applied chemical intervention so that after a net differ- 
ence spectrum representing the (P680^*Q/\ — > P680*Qa) change was obtained, a net difference spectrum 
representing only the (Q^ ~>Qa) reaction was obtained under a different set of conditions (details for 
obtaining these two difference spectra will be discussed in the next chapter). By subtracting the differ- 
ence spectrum for the (Qa ->Qa) reaction from that for the (P680^»Qa" -> P680»Qa) reaction, a net 
difference spectrum belonging only to the [P680^-P680] reaction was obtained. 
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It is of interest to note that although the reports quoted in Fig. 1 span a period of more than 20 years, 
the three results are in fairly good agreement. This is also a good example for illustrating progress in 
photosynthesis research, in terms of the purity and activity of the experimental samples available, the 
precision of techniques for acquiring the optical difference spectrum, and the increase in knowledge for 
controlling the reaction route. The difference spectrum of the [P680^-P680] reaction shown in Fig. 3 (C) 
encompasses the fruits of all these advances. 
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Fig. 1. Three difference spectra for P680 photooxidation. See text for discussion. (A) from Ddring, Ranger, Vater and Witt (1969) 
Properties of the photoactive Chlorophyll-a„ in photosynthesis. Z Naturforsch 24B: 1139; (B) from van Gorkom, Pulles and 
Wessels (1975) Light-induced changes of absorbance and electron spin resonance in small photosystem II particles Biochim 
Biophys Acta 408: 336, (C) from Gerken, Dekker, Schlodder and Witt (1989) Studies on the multiphasic charge recombination 
between chlorophyll a/ (P680) and plastoquinone in photosyslem II complexes. Ultraviolet difference spectrum of Chl-a,,*/ 
Chl-au. Biochim Biophys Acta 977: 57. 
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Since P680* is normally re-reduced very rapidly by the endogenous secondary electron donorY,^, the 
EPR signal of would ordinarily be rather difficult to observe. Furthermore, the highly oxidizing 
P680" can also extract electrons from pigment molecules such as chlorophyll and carotenoid as well as 
other electron carriers, and many early EPR spectra reported as originating from P680^ often included a 
significant contribution from ChE. Its EPR spectrum is very similar to that of P680^ having the same g- 
value of 2.00 and, as shown later, only a slightly larger halfwidth, making it difficult to distinguish one 
from the other. In practice then, an EPR signal due exclusively to P680^ can be observed only when these 
potential electron donors are inhibited or blocked, or by using time-resolved detection methods, or by a 
combination of both. In Fig. 2 we present the results using both of these methodologies. 

In uninhibited oxygen-evolving PS-II subchloroplasts, photoinduced P680^ is rapidly reduced by 
in < 15 //S’ and thus no EPR signal for P680^ formation is observable if the response time of the measur- 
ing instrument is, say, 50 jiis or greater. Under these conditions, however, the EPR signal of the second- 
ary donor Y^* generated by the oxidation ofY 2 by P680'' can be observed as a so-called Sllyf (for signal 
II very fast) as its lifetime is relatively long. A detailed discussion ofthis signal will be found in Chapter 
22 . 






Fig. 2. (A) Light-induced EPR transient of P680* in PS-II particles containing 2 mM NH 2 OH and (B) EPR spectrum constructed 
from the type of transient signal in (A); (C) Flash-induced EPR transients at 3318 G [trace (b)] and 3330 G [trace (a)] in PS-II 
particles treated with both acetate and FCCP, and (D) EPR spectra constructed from the transients in (C); (a) and (b) in (D) refer 
to magnetic fields for traces in (C). See text for discussion. (A, B) from Ghanotakis and Babcock (1983) Hydroxylamine as an 
inhibitor between Z and P680 in photosystem II. FEBS Lett 153; 233; (C, D) from Bock, Gerken, Stehlick and Witt (1988) Time 
resolved EPR on photosystem It particles after irreversible and reversible inhibition of water cleavage with high concentrations of 
acetate. FEBS Lett 227: 143, 144. 
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If NHjOH is added to PS-II subchloroplasts to abolish oxygen evolution by blocking electron flow 
from the secondary donor Y/, to P680*, photoinduced P680^ extracts an electron less rapidly from an 
alternate source, namely, the photoreduced primary electron acceptor Q^". Fig. 2 (A) shows the transient 
kinetics of a flash-induced, EPR signal change [A(dx’VdH)] in the g=2 region, where the initial, fast- 
rising component reflects the photooxidation of P680, i.e., P680 -> P680^ and the portion rapidly decay- 
ing in -200 /iS' reflects the reduction of P680^by reduced Qa .The small and much more slowly decay- 
ing component presumably represents a slow reduction of some oftheP680^ by other secondary donors. 
The spectrum shown in Fig. 2 (B) is constructed from the amplitude ofthe rapidly decaying component 
measured over a range of magnetic field values. The spectmm, with a g-value of 2.002 and a linewidth of 
7-8 G, is attributed to P680*. 

Similar results were also obtained with a PS-II particle prepared from the cyanobacterium 
Synechococcus after treatment with a high concentration (0.6 M) of acetate to inactivate the components 
closely involved in oxygen evolving activity. Treatment with concentrated acetate is known to retard the 
reduction of P680" by the secondary donor Y 7 by several orders of magnitude, thus making Q^' the 
effective electron donor to P680*; this inhibition can be completely reversed by the removal of the 
acetate. On the other hand, if an “ADRY” agent such as FCCP is also added to the acetate-treated PS-II 
particles, P680* reduction then occurs by a somewhat slower but still effective electron flow from the 
endogenous secondary donor Y 7 . Discussion of the secondary electron donors to P680"^, Yz and Yjj, and 
the so-called “ADRY” agent (the term comes from “acceleration of the deactivation reaction of the 
water-splitting enzyme Y”) will be presented in Chapter 22. 

Figure 2 (C), trace (a) shows an EPR transient of an acetate-ECCP treated PS-II particle with an 
instrument-limited risetime and a decay time (ty,) of 170 fjs, corresponding, respectively, to the oxida- 
tion of P680 to P680'^ and the reduction ofthe latter by Yz. Transient (b) has a risetime corresponding to 
the decay time of P680* but it decays in milliseconds; it can thus be attributed to Yz ' . An EPR spectrum 
constructed from the rapidly-decaying transients [the solid-line spectrum (a) in Pig. 3 (D)] therefore 
represents P680' . It has a g-value of 2.0027 and a linewidth of 8 G. The dashed-line EPR spectrum (b) in 
Pig. 3 (D) is constructed from the amplitude of the slowly-decaying component. This EPR spectmm has 
a zero crossing at g=2.0044 characteristic of a semiquinone and has the line shape of an Sll-type signal 
(see Chapter 22). 

We now briefly discuss the question of whether P680 is a monomer or dimer. As mentioned in the 
introductory chapter, photosystem II closely resembles the reaction center of purple bacteria in its bio- 
chemical makeup. This similarity, therefore, naturally leads to the notion that the PS-II primary donor 
P680 might also have a dimer configuration as in the bacterial case, i.e., it is present as a special chloro- 
phyll pair. However, the monomer-or-dimer question with regard to P680 has remained uncertain for 
some time. In regard to its optical absorption spectrum, it is unlike P700, whose wavelength maximum 
is appreciably red-shifted from that of the bulk chlorophyll and which was long thought to be a dimer. 
Tbe wavelength maximum of P680 absorbance change is not as red-shifted, which would suggest that it 
is more likely a chlorophyll monomer. On the other hand, the EPR linewidth of 7-8 G, established by 
both measurements shown in Pig. 2, would suggest a dimer configuration for P680, as this linewidth 
appears to be narrowed from that ofthe monomer by a factor of 1 W 2 (refer to discussion on bacterial 
reaction-center dimer in Chapter 4). 

In comparing the redox potential estimated for P680VP680, Davis, Porman and Pajer^ found it not far 
from that of the [Chi a*ICh\ a] couple in vitro (whose redox potential has been estimated as high as -tO.9 
V), and much higher than that ofthe P700*^/P700 couple. This consideration led the authors to suggest 
that EPR linewidth alone cannot be used as a conclusive indicator for tbe composition of P680 in vivo. 
Instead, the authors suggested that P680 may be a ligated monomeric chlorophyll whose EPR and redox 
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properties are modified by some specific interaction with the amino-acid residue(s) of the protein envi- 
ronment. There are also other data in conflict with an assumed dimer configuration. The EPR signal 
obtained for the spin-polarized triplet state of P680 formed by recombination from the light-induced 
[P680^(D-] state (for details see Chapter 17) has zero-field-splitting parameters identical to those of the 
triplet state of monomeric chlorophyll in vitro. Also the triplet-minus-singlet optical spectmm of P680 
measured by the absorption-detected magnetic resonance (ADMR) technique does not support a dimeric 
structure for P680. The current status of the P680 dimer-monomer question may best be summarized by 
quoting the assessment of van der Vos, van Leeuwen, Braun and Hoff^ based on currently available 
evidence, “we conclude that P680 is functionally monomeric. This does not necessarily mean that only 
a single monomeric Chi a absorbs at 680 nm. Two Chi a molecules may contribute and may actually be 
located close to the position suggested by the primary donor dimer in the bacterial reaction center, but 
they are not excitonically coupled, and only one of them appears to serve as the primary donor of PS II.” 

/. C. The Electrochemical Properties 

A precise redox potential for P6807P680 has not yet been directly determined but it must have a very 
high redox potential in order to be able to oxidize H 2 O. Since the redox potential associated with the 
water molecule [O 2 + 4H7 2 H 2 O] is -rO.82 V, and since there are additional electron carriers present 
between P680 and water, the redox potential of the P6807P680 couple must be considerably more posi- 
tive (more oxidizing) than -1-0.82 V. In 1977, Jursinic and Govindjee^ and in 1979, Klimov, Allakherdiev, 
Demeter and Krasnovsky^, independently estimated the redox potential of the P680'^/P680 couple. The 
minimum photon energy needed to electronically excite P680 is known to be in the range 1.8-1.82 eV. 
Klimov et al. separately determined the redox potential of the couple in vitro to be -0.61±0.03 V* 
(see details in Chapter 17). They further took into consideration that the energy barrier between P680* 
and [P680"O-] as estimated from the activation energy of delayed fluorescence to be 0.04-0.08 eV®. 
From these values, the redox potential of the P6807P680 couple was estimated to be +1.12±0.05 V. 
Jursinic and Govindjee’, based on data derived from temperature dependence of delayed light emission, 
calculated the redox potential of P680 as between 1.0 to 1.3 V. Either of the redox-potential values 
should provide P680' with ample oxidizing power to carry out the 2 H 2 O -> O 2 + AW reaction, whose 
redox potential lies almost 300 mV lower. In Chapter 22 we will describe another method for estimating 
the potential of the P6807P680 couple by indirectly titrating the secondary electron donor Yp as moni- 
tored by its EPR signal, Sllgi the value estimated for P680'^/P680 by this method is about -1-1.2 V, close 
to values estimated by Jursinic and Govindjee^ and by Klimov et al^. 



II. Photoinhibition in Photosystem II - Consequence of the Strong Oxidizing Power 
of P680* 

Light energy is the benefactor and the ultimate driving force for photosynthesis. But ironically, ex- 
cessive light, particularly in combination with certain other stressful conditions, may be detrimental to 
photosynthetic activity. This phenomenon is known as “photoinhihition” or “photodamage.” 
Photoinhihition results in the destruction of pigment molecules and in the degradation and cleavage of 
the D1 protein [see Fig. 3 (A)]. Damage caused by too much light is usually mended by replenishing 
these degraded components through renewed synthesis and reassembly of the PS-II reaction-center com- 
plex. Photoinhihition is observed when the rate of repair is less than the rate of photodamage. Clearly, 
photoinhihition (photodamage) is likely to occur in photosystem II due to the extremely high oxidizing 
power of PhSO"^. 
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In normal photosynthesis, light-induced charge separation occurs in both photosystems I and II and 
the flow of electrons from water by PS II is eventually used by PS I to reduce NADP* (and generate a 
trans-membrane proton gradient used for the synthesis of ATP). Under certain circumstances, P680^ 
with a redox potential possibly as high as -Hi. 2 V, may, as previously noted, extract an electron from a 
nearby species other than the normal secondary donor, possibly a pigment molecule. Under high light 
intensity, it is also possible for to undergo double reduction, and thus be unable to accept an electron 
from a newly formed 0'. The result is that the separated charges in [P680^ ■(!)“] recombine. This recom- 
bination occurs partly by way of the excited singlet ofP680 and partly by way of the excited triplet state 
of P680: '[P680^’O"] <-> ^[P680^-O ] -> ^P680. The lifetime of^P680 is sufficiently long that it can with 
high probability react with ground state triplet oxygen to form singlet oxygen, which is known to be 
damaging to pigment and protein molecules. Carotenoids present in the bacterial reaction center or in the 
light-harvesting chlorophyll-protein complex usually have a protective function by quenching any chlo- 
rophyll triplet. However, carotenoids present in the PS-II reaction center apparently do not perform this 
function directly. Presumably this is a consequence of the fact that carotenoids have to be sufficiently 
distant from P680 in order to avoid photooxidative destruction themselves. 

II. A. Two Pathways leading to Photoinhibition in PS-II Reaction Centers 

As envisioned by Jim Barber and Bertil Andersson'**, photoinhibition may follow either of two path- 
ways: one when the acceptor side is impaired, called “acceptor-side induced,” and the other when the 
donor side is impaired, or “donor-side induced.” Telfer and Barber^^ have made use of the PS-II reac- 
tion-center complex Dl/D2/Cyt b559 to elucidate these two pathways. The Dl/D2/Cyt b559 complex 
[Fig. 3 (A)] is composed of the D1 and D2 proteins and the heterodimeric, heme-containing Cyt b559. 
The complex binds four to six chlorophylls (of which two make up P680 and the remainder are mono- 
meric chlorophylls), two pheophytins (O^ and Og), and two P-carotenes (Car). The plastoquinone mol- 
ecules Qa and Qo and the nonheme iron atom as well as the manganese atoms are apparently lost during 
the isolation of the complex. The tyrosines that serve as the secondary electron donors and Yq are 
also no longer active. The inactive or absent species are shaded in the figure. 

II.B. Elucidation of Photoinhibition in vitro with the D1/D2/Cyt b559 Complex 

Because it is devoid of the active, endogenous secondary acceptors and donors, the Dl/D2/Cyt b559 
complex can serve as an extremely valuable experimental system for the elucidation of the mechanism 
of photoinhibition. Since the complex contains the active primary donor and acceptor, it can catalyze 
secondary electron transport if both an artificial secondary donor such as diphenyl carbazide (DPC) or a 
quinone acceptor such as 2,5-dibromo-3-methyl-6-isopropyl-/7-benzoquinone (DBMIB) and an artifi- 
cial secondary acceptor such as silicomolybdate (SiMo) or ferricyanide (FeCy) are provided, as shown 
in Fig. 3 (B). 

The Dl/D2/Cyt b559 complex, as prepared and without any additions, is already impaired on the 
acceptor side. Strong illumination causes charge separation, followed by charge recombination, and 
’P680 formation. When oxygen is present, ’P680 interacts with oxygen (^© 2 ) to form the very reactive 
singlet oxygen, 'O 2 , which in turn will proceed to attack the various reaction-center components [see the 
acceptor-limited reaction pathway in Fig. 3 (C)]. 

A donor-limited photoinhibition pathway in the Dl/D2/Cyt b559 complex can be created by the 
addition of the artificial electron acceptor silicomolybdate (SiMo), as shown in Fig. 3 (D). SiMo is an 
efficient, exogenous secondary electron acceptor of photosystem II. After light-induced charge separa- 
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Fig. 3. Schematic illustration of two different modes of photoinhibition. (A) structural model for the isolated PS-II reaction-center; 
(B) secondary electron transport in the presence of an artificial donor and acceptor; (C) acceptor-side induced photoinihibition and 
(D) donor-side induced photoinhibition. See text for discussion. 

tion, SiMo drains electrons from reduced pheophytin, d>", and consequently, P680* becomes photo- 
accumulated. As previously noted, the highly oxidizing P680*^ can be very detrimental to various PS-II 
components. 

Pbotoinbibition following one or tbe other pathway is illustrated by the bleaching of various pigment 
molecules by the reactive species 'O 2 or P680', as shown in Fig. 4. In the acceptor-limited photoinhibition 
pathway, the reaction-center complex appears to be resistant to photodamage when oxygen is absent. As 
seen in Fig. 4 (A), absorbance changes measured in the absence of oxygen show negligible bleaching in 
the 680 nm region, but clearly a slow reduction of Cyt b559, presumably by reduced <1>". When oxygen 
is present, ^P680 interacts with oxygen (^ 02 ) to form'02 as confirmed by the results of several indepen- 
dent experimental results, including: (1) the shortening of the lifetime of^P680 from 1 ms in the absence 
of oxygen to 33 ps in the presence of oxygen'^ and (2) the detection of singlet oxygen directly by both 
steady-state and time-resolved measurements of its phosphorescence at 1270 nm^ ' . 

The absorbance difference spectra produced by illumination under the acceptor-limited condition at 
a photon flux density of- 1000 for half a minute shows a bleaching at 417, 435 and 680 nm, 

indicating that the chlorophyll of P680 is being attacked initially. Under prolonged illumination for five 
minutes, the bleaching increases, and the band maximum also shifts slightly to the blue, indicating that 
the monomeric accessory chlorophylls are being attacked. There is also some spectral indication (e.g., 
absorbance decrease at 545 nm) that pheophytin molecules may also be attacked. There is no indication 
of Cyt b559 being reduced, however. Furthermore, P-carotene appears quite stable toward photodamage 
in the acceptor-limited pathway either in the absence or presence of oxygen. 
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Illumination under the donor-limited condition, either in the absence or presence of oxygen, pro- 
duces absorbance changes quite different from those under the acceptor-limited condition. There is, e.g., 
a prominent irreversible bleaching of P-carotene and the accessory chlorophyll absorbing at 670 nm 
[see Fig. 4 (B)]. As a result of the oxidation of O' by the secondary acceptor SiMo, the lifetime of P680' 
is greatly increased and thus intensifying its destructive effect. Of course, this donor-limited photoinhibition 
can be readily prevented if an artificial secondary electron donor such as DPC or is also added. 

II. C. Degradation of Protein D1 during Photoinhibition 

Accompanying the above-mentioned bleaching of various pigment molecules during photoinhibition 
is a loss of photosynthetic activity and degradation of the D1 protein. Greenberg, Gaba, Mattoo and 
Edelman'^ first found in 1987 a degradation product in the form of a 23.5 kDa fragment during PS-II 
photoinhibition, and concluded that it was formed by a proteolytic cleavage in the loop connecting the 
D- and E-helices of the D1 protein [see scissors in Eig. 4 (C)]. 

The pattern of protein degradation depends on whether photoinhibition takes place via the acceptor- 
or donor-limited pathway. Studies using the RC complex Dl/D2/Cyt b559 as the experimental system 
have shown that under the acceptor-limited condition, a polypeptide fragment is formed having an ap- 
parent molecular weight of 23-kDa and containing the N-terminus, and that its yield increases steadily 
with time of illumination. The appearance of this 23-kDa polypeptide fragment is accompanied by the 
bleaching of the 680 nm-absorbing chlorophyll, the extent of degradation being oxygen dependent, as 
expected for an acceptor-limited pathway. Another photo-degraded polypeptide fragment has a molecu- 
lar weight of 10-kDa and contains the C-terminus [see Fig. 4 (C) bottom]. These results agree with the 
initial finding of Greenberg et al.‘^ that cleavage occurs in the DE loop of Dl. 

When photoinhibition follows the donor-limited pathway, a 24-kDa polypeptide fragment contain- 
ing the C-terminus and a 9-kDa fragment containing the N-terminus are produced, indicating that under 
the donor-limited condition, the Dl protein is cleaved in the loop connecting the A- and B -helices [see 
scissors in Eig. 4 (D)]. Similar to the pigment bleaching by the donor side-limited, photoinhibition 
pathway, the cleavage of Dl into a 24-kDa C-terminal fragment and a 9-kDa N-terminal fragment is also 
independent of the presence of oxygen. It is worth noting that the photoinhibitory condition can also 
cause degradation of the D2 protein. However, given normal light intensity, the Dl protein is apparently 
degraded at a significantly higher rate than the D2 protein. 

At present, the precise enzymatic mechanism of protein Dl degradation during photoinhibition is 
unknown. However, it is of interest to note that the cleavage sites of the Dl protein are quite specific in 
the two photoinhibition pathways. As seen from Eig. 4 (C) and (D), protein cleavage in the acceptor- and 
donor-limited photoinhibition pathways occurs on the stromal and lumenal side, respectively, of the 
protein (indicated by tbe scissors locations in tbe figure), and that both cleavage sites are located in tbe 
hydrophilic loops of the protein. Conformational changes in the protein as a consequence of pigment 
degradation, among other factors, undoubtedly play an important role in photoinhibition. 

The applicability of these two pathways to in vivo photoinhibition is to a large extent still an open 
question. Telfer and Barber^^ subjected normal intact leaves (of peas and wheat) to photoinhibitory 
conditions and reported the appearance of a 10-kDa C-terminal protein fragment, indicative of an 
acceptor-limited pathway but results consistent with a donor-limited photoinhibition pathway have not 
yet been experimentally demonstrated in vivo. 
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Fig. 4. Absorption difference spectra of PS-ll reaction-centers undergoing acceptor-limited photoinhibition (A) and donor-limited 
photoinhibition (B) after illumination for various times in the absence and presence of oxygen: (A) in the absence and (B) in the 
presence of silicomolybdate. Figures (A) and (B) from Telfer and Barber (1994) Elucidating the molecular mechanisms of 
photoinhibition by studying isolated PSIl reaction centres. In: NR Baker and JR Bowyer (eds) Photoinhibition of Photosynthesis, 
from Molecular Mechanisms to the Fields. BIOS Sci PubI, Ltd, (Oxford) p 33; figures (C) and (D) adapted from Fig, 4 of Chapter 
11 . 
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III. Possible Protective Function of Cytochrome b559 against Photoinhibition 

III.A. Some Properties of Cytochrome b559 

Cytochrome b559 is an integral membrane protein of chloroplast thylakoids with an a-band absorp- 
tion maximum at 559 nm (hence its name). It is one ofthree redox heme proteins present in higher plants 
and algae, the other two being cytochrome /and cytochrome b(,. The molar ratio of Cyt b559 to the PS- 
II reaction center is unity, as revealed by analysis of many types ofPS-II subchloroplasts, including 
highly active, oxygen-evolving particles, as well as by analysis of other thylakoid membranes. Further- 
more, while chloroplast cytochromes h(, and/ are part of the Cyt fed/-complex whose function is well 
understood, the physiological function of Cyt b559 remains largely unclear. Much speculation has been 
made over the years regarding the function of Cyt b559; in 1978, Warren Butler^^ even proposed that Cyt 
b559 may be involved in the oxygen evolving apparatus. 

Since the physiological function of cytochrome b559 is as yet unknown, it is difficult to fit it into any 
suitable spot for its presentation. We place the discussion of cytochrome b559 at this point, however, 
because it is known to be a component closely associated with photosystem II and presumably close to 
the major PS-II components P680 and O. Another reason is of more recent interest: Cyt b559 has been 
proposed by several groups of workers*^^’ as possibly having a protective function against 
photoinhibition. In the following we will first describe some physical and chemical properties of Cyt 
b559, and then show examples of its photoinduced reduction and oxidation in chloroplasts and 
subchloroplast particles. Finally we will briefly discuss its possible protective role against photoinhibition. 

Cytochrome b559 is bound to the photosynthetic membrane and can be present in either oftwo forms 
with different redox potentials (refer to Fig. 5 below). In freshly prepared chloroplasts, it has a redox 
potential of~350 mV and is thus designated “Cyt b559 (HP)” [HP for high-potential]. Cyt b559 (HP) can 
be readily reduced by hydroquinone. When fresh chloroplasts are variously treated, such as by aging or 
heating, or with chaotropic agents, detergents (e.g., Triton), trypsin, and Tris, Cyt b559 is transformed 
into a low-potential form, with a redox-potential value of ~0 to -1-50 mV, and designated as “Cyt b559 
(LP).” This low-potential Cyt b559 is readily oxidized either chemically or photochemically. 

Cyt b559 is a heterodimer consisting of a 9-kDa a-polypeptide with 83 amino-acid residues and a 4- 
kDa P-polypeptide with 39 residues, the two polypeptides joined by a heme through a pair ofhistidines, 
one on each polypeptide chain close to the N-terminus, as shown in Fig. 5 (A). Each polypeptide subunit 
contains one transmembrane helix, the N-terminal ends of both polypeptide subunits being located on 
the stromal side. 

Babcock, Widger, Cramer, Oertling and Metz'"^ investigated the structure of Cyt b559 obtained from 
both spinach and maize by characterizing its ligands and spin state by various spectroscopic methods, 
using the compound, bis(N-methylimidazole) iron protoheme, as a model. In both the oxidized and 
reduced proteins the heme iron is in the low-spin state. The authors concluded that the heme iron is 
ligated in its fifth and sixth (out-of-plane) coordination positions by histidines of the a- and p-polypep- 
tide subunits, as shown schematically in Fig. 5 (A). The EPRg-values of Cyt b559 (LP) in purified and 
membrane -bound forms are essentially identical to those of the model compound, indicating that the 
histidine planes are oriented parallel to each other, and that the heme normal is parallel to the membrane 
plane [see Pig. 5 (B), bottom]. 

However, Cyt b559 (HP) exhibits significantly different g-values from the model compound, which 
led Babcock et to suggest that the different thermodynamic properties of the LP and HP forms {i.e., 
the different redox potentials) and the different g- values may have their origin in differences in the 
stereochemistry of the histidine planes. As shown schematically in Pig. 5 (B), the histidine planes in 
their model of the LP- and HP-forms have different relative orientations: a parallel orientation in the LP- 
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form and a nonparallel orientation in the HP-form. In other words, the heme ligand stereochemistry 
alters the g-values and influences the redox potential. This hypothesis may also explain the ability of the 
HP- and LP-forms to interconvert as a result of environmental (membrane) state changes. While various 
treatments such as aging, chaotropic agents, etc. convert the HP- into the LP-form, as mentioned above, 
it has been reported that the LP-form can also be converted into the HP-form by addition of lipid to the 
membrane. 

III. B. Photooxidation of Cytochrome b559 

Cytochrome b559 has no known physiological role, although it can undergo photoinduced oxidation 
or reduction depending on sample conditions. Irreversible, light-induced oxidation ofCyt b559 in let- 
tuce chloroplast near liquid-nitrogen temperature was reported by Knaffand Arnon'^ more than 30 years 
ago. As seen in Fig. 6 (A) top, Cyt b559 photooxidation is elicited by short-wavelength red light (664 
nm) but not by far-red light (714 nm), clearly showing that the photooxidation is promoted by a PS-II 
reaction. If FeCy is first added, however, no absorbance changes which can be attributed to Cyt b559 
occurs in the light, confirming that photooxidation had occurred in the absence ofFeCy [see Fig. 6 (A), 
bottom]. It was subsequently found that only the low-potential Cyt b559 (LP) present in the reduced 
state can undergo low-temperature photooxidation. 




Fig. 5. Model for the protein binding site for protoheme in cytochrome b559 (A) and model for the orientation of the two histidine 
imidazole rings in cytochrome bS59 (B). See text for discussion. Figures adapted from Babcock, Widger, Cramer, Oertling and 
Metz (1985) Axial ligands of chloroplast cytochrome b559: identification and requirement for a heme-cross-Unked polypeptide 
structure. Biochemistry 24: 3643. 
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More recently Thompson and Brudvig^^ examined a similar reaction in spinach chloroplast by EPR 
spectroscopy. In the active oxygen-evolution pathway, P680* extracts electrons from the secondary 
donor Yz more rapidly than from Cyt b559 or a chlorophyll molecule designated as Chlz. It is thought 
thatChIz which is present in the reaction center, serves primarily as a link for energy transfer from the 
antenna to P680. These three species can be considered as competing electron donors to P680^, and only 
when donation by Yzis significantly diminished in some way, will Cyt b559 and Chlz reduce P680* to a 
significant extent [see Fig. 6 (A) and Fig. 7 (A)]. This is consistent with the low-temperature, irrevers- 
ible photooxidation of Cyt b559 in lettuce chloroplasts as described above. 

These workers measured, over a range of temperatures, the yield of photooxidation of the alternate 
electron donors relative to the yield of photooxidation of manganese as shown in Figs. 7 (B) where the 
percentage ofthe maximum yield for each signal is plotted as a function ofthe illumination temperature. 
At low temperatures (<100 K), predominantly Cyt b559 and Chlz are photooxidized. As the illumination 
temperature is increased, photooxidation of these two alternate electron donors decreases and oxidation 
of the Mn increases. (Oxidized Mn is measured by the multiline FPR signal of the Sj-state, the details of 
which will be presented in Chapter 19.) Above -200 K, predominantly the Mn is oxidized. The two 
alternate donors exhibit the same relative yield of photooxidation, indicating they have the same ability 
to compete with the Mn over the temperature range studied. 

In spite ofthe fact that the yields of photooxidized Cyt b559 and Chi/ develope in parallel with each 
other, their photooxidations apparently follow a sequential pathway rather than a parallel one [see Fig. 7 
(A)]. The sequential pathway is supported by the following evidence. First, it has been known that Chlz 
is not photooxidized unless Cyt b559 is already (photo)oxidized, which suggests that Cyt b559 is the 
electron donor to Chlz. It is also known that when Cyt b559 is present in the fully reduced state in the 
sample, only Cyt b559 is photooxidized in a single charge-separation act at 77 K. If Cyt b559 is pre- 
oxidized chemically, illumination at 77 K then photooxidizes Chlz. At each illumination temperature, 
only one electron transfer occurs, as the three photooxidized donor species have been found to add up to 
100% during each charge separation. 

III.C. Photoreduction of Cytochrome b559 

Photoreduction of Cyt b559 in chloroplasts would appear to be an anomalous reaction that does not 
represent a physiological electron-transfer pathway. Cyt b559 photoreduction as reported in the litera- 
ture usually occurs when the chloroplast structure is disturbed and no longer active in oxygen evolution. 
We now review examples of Cyt b559 pbotoreduction in a PS-II enriched, subcbloroplast particle, in a 
TSF2fl particle, and in the PS-II reaction-center complex Dl/D2/Cyt b559. 

In 1972, Feo Vernon, Tom Chaney and this author*’ reported that the low-potential Cyt b559 (F^=+58 
mV) present in the oxidized state in the PS-II subcbloroplast particle TSF2a (Triton-subchloroplast 
fragment of photosystem 2, further enriched in Chi a) can undergo reversible photoreduction without the 
presence of any secondary electron carriers [see Fig. 6 (B)]. Although DCIP photoreduction by TSF2a 
supported by the secondary donor DPC is completely inhibited by 1 0 ^ M DCMU, Cyt b559 photoreduc- 
tion under the same conditions was found to be less than -40% inhibited. This lower sensitivity toward 
DCMU suggests that Cyt b559 may be reduced by Qy^ or even O , and that Cyt b559 participates in a 
cyclic electron-transfer pathway around PS II. 

Similarly, Chapman, Gounris and Barber*^ found in 1988 that Cyt b559 in tbe PS-II reaction-center 
complex Dl/D2/Cyt b559 may also undergo photoreduction in the presence of an exogenous electron 
acceptor, decylplastoquinone (DPQ, 50 p,M) and an exogenous donor (e.g., DPC or Mn^*, 1 mM). If only 
either the exogenous donor or acceptor is present, but not both, little or no absorbance change attribut- 
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(A) (B) (C) 



Photooxidation of Cyt b559 in Photoreduction of Cyt b559 Photoreduction of Cyt b559 

spinach chloroplast at 84 K in TSF-2a particles at 20°C in D1/D2/Cyt £»559at 10'C 




Fig. 6. Cytochrome 6559 photooxidation in spinach chloroplasts (A), photoreduction in TSF2a particles (B) and in D1/D2/Cyt 6559 
complex (C). See text for discussion. Figure (A) from Knaff and Arnon (1969) Light-induced oxidation of chloroplast b-type 
cytochrome at -189 °C. Proc Nat Acad Sci, USA 63: 959, 960; (B) Ke, Vernon and Cheney (1972) Photoreduction of cytochrome 
b5S9 in a photosystem-ll subchloroplast particle. Biochim Biophys Acta 256: 350; (C) Barber and De Las Rivas (1993) A func- 
tional model for the role of cytochrome 6559 in the protection against donor and acceptor side photoinhibition. Proc Nat Acad Sci, 
USA 90: 10943, 10944. 




Temperature of illumination 



Fig. 7. (A) Photooxidation pathways of the alternate electron donors Cyt 6559 and Chiz in PS II. (B) effect of illumination tempera- 
ture on the photooxidation of competing electron donors in PS II as monitored by EPR signal intensities. See text for discussion. 
Plot (B) reproduced from Thompson and Brudvig (1988) Cytochrome 6559 may function to protect photosystem II from 
photoinhibition. Biochemistry 27: 6656. 
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able to Cyt b559 was observed. Reduction of Cyt b559 was therefore considered to be mediated by the 
added decylplastoquinone, and it probably participates in a cyclic pathway around PS II, similar to the 
photoreduction of Cyt b559 in the TSF2a particle*^. 

Two years later Satoh, Hansson and Mathis'^ found that when the quinone DBMIB is added to the 
Dl/D2/Cyt b559 complex, a reversible photoreduction of Cyt b559 can be observed. Flash-kinetic 
measurements showed that Cyt b559 is reduced in S 1 jjs and reoxidized in 2 ms. The amplitude of the 
P680'^ signal that decayed in 2 ms was equivalent to the decay amplitude of the photoreduced Cyt b559 
signal, suggesting that they are kinetically coupled, i.e., Cyt b559 is re-oxidized by P680*. The electron 
for Cyt b559 reduction originates from , the transfer being mediated by DBMIB. The added DBMIB 
presumably occupies the Q^-pocket vacated by the loss of the molecule during the isolation of the 
Dl/D2/Cyt b559 complex. That electron transfer is mediated by bound DBMIB specifically is mani- 
fested by the ability of Cyt b559 to undergo photooxidation even at -29 °C in a viscous 60% glycerol 
medium where diffusion-controlled reactions are expected to be severely impeded. 

Subsequently, Barber and De Las Rivas^'^ found that Cyt b559 in the D 1/D2/Cyt b559 complex in an 
anaerobic medium and without any added electron carriers can undergo irreversible photoreduction by 
illumination(800 pE-m^^'.?''). The difference spectra developed by illumination of the reaction centers 
for various times [see Fig. 6 (C)] clearly show photoreduction ofCyt b559. Separate experiments showed 
that Cyt b559 is reduced directly by O", and that all Cyt b559 in the reaction centers is photoreduced. 
After Cyt b559 is fully photoreduced, moderate illumination can elicit a reversible photoreduction of 
pheophytin if an exogenous, secondary electron donor such as Mil"* is present. Fig. 6 (C), bottom shows 
that after all Cyt b559 is photoreduced, further illumination caused irreversible damage to P680 and 
other chlorophylls. These results are consistent with the suggestion ofNebdal, Samson and Whitmarsh^* 
that Cyt b559 (LP) can protect the PS-II reaction center against the acceptor-limited photoinhibition. 



III.D. Proposed Protective Function of Cytochrome b559 against Photoinhibition 

We have now seen that Cyt b559 possesses the unique “versatility” of being either photoreduced or 
photooxidized depending on circumstances. Very often the situation is quite complex and the results 
sometimes even appear to be in conflict. Nevertheless, a number of investigators, among them, Barber^^, 
Whitmarsh*^® and Brudvig^^and their associates, have been led to suggest that Cyt b559 may have, among 
other possible roles, a protective function against photoinhibition. 

In the following, we will use the study of Barber and De Las Rivas^'^ to illustrate the proposed 
protective function of cytochrome b559 against photoinhihition. Their studies on the photoreduction of 
Cyt b559 in anaerobic Dl/D2/Cyt b559 as described above led them to suggest that Cyt b559 can protect 
the acceptor-limited photoinhibition by extracting electrons from reduced O and thus prevent charge 
recombination and formation of triplet P680, leading to the formation of singlet oxygen {'O 2 ), etc. They 
further postulated a scheme in Fig. 8 to explain the possible protective function of Cyt b559 against 
acceptor-limited as well as donor-limited photoinhibition, such as that described above in Fig. 7. The 
scheme encompasses an oxidizing and reducing species (e.g., Chlz' and Qg, respectively) with which 
Cyt b559 reacts, although only P680' and O are indicated in the figure. Since Cyt b559 can exist in both 
the low- and high-potential forms, it would seem feasible that Cyt b559 might protect both the acceptor- 
and donor-limited photoinhibitions if a “molecular switch” were available for reversibly shifting its 
redox state under the ambient redox environment [refer to Fig. 5 (B)] so that an oxidized Cyt b559 (LP) 
or a reduced Cyt b559 (HP) is available to protect either of the two photoinhibitory pathway. This 
attractive scheme should at least serve as a framework for further investigations of the various aspects of 
photoinhibition pathways as well as a model for clarifying any existing conflicts. 
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Fig. 8. Model for the protective role of cytochrome b559 against acceptor- or donor-limited photoinhibition. The model postulates 
that Cyt b559 acts either as an acceptor or a donor through a reversible shift behween its high-potential and low-potential forms 
triggered by an unknown molecular switch. See text for discussion. Adapted from the scheme of Barber and De Las Rivas (1993) 
A functional model for the role of cytochrome bS59 in the protection against donor and acceptor side photoinhibition. Proc Nat 
Acad Sci, USA 90; 10945. 



For further reading 
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A structural model depicting electron transport in photosystem II and the actual reaction sequence are 
shown in Figs. 1 (A) and (B), respectively. P680 and O (a pheophytin molecule) are the primary electron 
donor and acceptor, respectively, and Qa and Qb are plastoquinone (PQ) molecules at sites A and B, 
respectively. Yz represents the secondary donor. During the initial photochemical charge separation, the 
electron acceptor O is reduced first to . The reduced cp then transfers an electron in -200 ps to a 
memhrane-hound plastoquinone molecule, Qa, with a much longer lifetime of -100 /«•. In essence, the 
photochemical charge separation in photosystem II is stabilized by trapping the electron produced during 
the photochemical charge separation as a relatively long-lived plastoquinone anion radical Qa'" [see Fig. 1 
(B)]. Qa‘" then transfers its electron to Qg; Qa’ *Qb Qa’Ob’ • 




^Cyt b559 



(B) Yz-[P680-^]Qa-Qb-PQ pool 

I+/1V 

Yz-[P680‘-<1>]Qa-Qb PQ pool 

1~2 ps 

Yz-[P680^-<I>- ]Qa-Qb-PQ pool 

j -200 ps 

Yz^-[P680-<I>]Qa-Qb-PQ pool 

I -100 ps 

Y/-[P680 O]Qa-Q"b-PQ pool 



Fig. 1. (A) Structural model for photosystem II and (B) the sequence of early reactions. 
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Because ofthe limited time resolution ofthe instrumentation used during the earlier period ofphotosyn- 
thesis research, the relatively stable, reduced plastoquinone Qa"" was observed before O was in fact thought 
to be the primary electron acceptor. The true primary electron acceptor, <I), was discovered afterwards, 
although not through the use of techniques later used for measuring rapid reactions (see next chapter). 
Following the same reasoning we have adopted for discussing the electron acceptors in photosynthetic 
bacteria, i.e., one based on the order of discovery, we discuss the “stable primary” electron acceptor Qa 
and the secondary electron acceptor Qg first. Fig. 1 (B) sets forth the areas to be covered in this chapter. 

I. The Stable Primary Electron Acceptor Qa of Photosystem II 

The existence ofQA"’ was initially inferred from chlorophyll-a fluorescence measurements. In 1963 
when Duysens and Sweers' found that the fluorescence yield of dark-adapted chloroplasts increases with 
time of illumination. These workers explained the phenomenon by suggesting that when the PS-II electron 
acceptor is present in the oxidized state, it can quench fluorescence, whereas it does not quench fluores- 
cence once it is reduced, i.e., in its reduced state it inhibits the normal utilization of absorbed light energy 
to promote electron transport. Therefore, the electron acceptor was called “Q,” taken from the expression 
“quencher of fluorescence.” When it was subsequently established that the stable primary electron accep- 
tor is a quinone molecule, the symbol Q became even more appropriate. 

According to this view, one should be able to use the amplitude of Chl-a fluorescence as a measure of 
the redox state of the PS-II electron acceptor, as illustrated in Fig. 2. When a photon is absorbed by 
antenna chlorophyll, its energy migrates among these molecules until it encounters a reaction center where 
this energy can be used to create charge separation. Thus, one can imagine that when this reaction at the 
reaction center is blocked, fluorescence yield would be high. In other words, fluorescence yield and the 
fraction of acceptors reduced would be linearly related. When the PS-II electron acceptor is reduced, the 
absorbed photon can no longer be utilized for photochemistry, and fluorescence is produced instead. 

To interpret the results in Fig. 2 we refer to the following reaction sequence: 

lijO -» [PS II] Q ^ • • • • ^ P700 [PS I] 

The usual technique for measuring fluorescence yield and its changes may be briefly described using 
Fig. 2 (A) as an example. Before applying a strong excitation light to drive the photochemistry, a low- 
amplitude fluorescence signal Fq is produced at time zero by a very weak “monitoring” light beam (usually 
a few ergs/cm^-s) modulated at a moderately high-frequency, say, 10 kHz [see Fig. 2 (A, a)], so that it may 
be isolated by a “lock-in amplifier” (set to the same frequency) from the much larger fluorescence gener- 
ated when the strong excitation beam is turned on. The fluorescence Fq comes from some chlorophyll 
molecules and is unrelated to photochemistry. According to the hypothesis that Q is the fluorescence 
quencher, when Q is reduced by the strong actinic light [also applied at time zero in Fig. 2 (A)], fluores- 
cence would be expected to increase as photochemistry becomes inhibited. At the same time, the reduced 
0" is also being oxidized by photosystem I back to Q, and so the kinetics ofthe fluorescence-change curve 
is determined by the two opposing reactions of reduction and reoxidation. The amplitude of the curve in 
excess of Fq is a measure of the so-called “variable” fluorescence, Fyj„. If the sample contains an inhibitor 
ofelectron transfer between PS II and PS I, such as DCMU [Fig. 2 (A, b)], the electron can only go as far 
as Q and so Q remains in the reduced state. Thus, in the presence of DCMU, which works to displace Qu, 
fluorescence increases rapidly as the light is turned on, reaches a maximum amplitude and remains there. 

Even before the fluorescence-quencher hypothesis was proposed, however, it had been suggested that 
plastoquinone may be an important electron carrier in green-plant photosynthesis. Bishop^ reported in 
1959 the significant finding that extraction ofPQ from chloroplasts results in the loss ofthe ability to 
evolve oxygen but that upon reconstitution with plastoquinone, oxygen-evolution activity is restored. 
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Spinach chloroplasts 

(a) No additions: 

(b) +10 ® M DCMU 
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Fig. 2. (A) Fluorescence yield (in arbitrary units) for isolated, dark-adapted chloroplasts as a function of time in the absence (a) and 
presence (b) of DCMU. (B) Light-induced fluorescence-yield change in lyophilized chloroplasts (control), in hexane-methanol extracted 
chloroplasts, and in extracted chloroplasts reconstituted with PQ-9. Small upward arrows indicate weak, modulated green monitoring 
light turned on; larger arrows for intense actinic light on (upward arrow) and off (downward arrow). (A) adapted from Zankel and Kok 
(1 972) Estimation of pool size and kinetic constants. In: A San Pietro (ed) Methods in Enzymology 24: 222; (B) from Liu, Hoff, Gu, Li and 
Zhou (1991) The relationship between the structure of plastoquinone derivatives and their biological activity in photosystem II of 
spinach. Photosynthesis Res 30: 100. 

According to the fluorescence-quencher hypothesis, removal of plastoquinone is equivalent to an ab- 
sence of the quencher and the fluorescence yield should be high without actinic excitation. As shown in 
Fig. 2 (B), normal spinach chloroplasts (control) show the usual fluorescence yield increase upon actinic 
excitation. Chloroplasts from which PQ has been extracted, with hexane containing 0.2% methanol pro- 
duce an immediate increase of the fluorescence yield to nearly the maximum level upon the application of 
the weak monitoring beam alone and actinic excitation with a strong light produces very little additional 
increase. Upon reconstitution ofthe extracted chloroplast with plastoquinone (PQ-9), the fluorescence- 
yield change pattern is comparable to that ofthe control, with the actinic excitation producing the same 
maximum fluorescence level. 



II. Absorption-Spectrum Change accompanying the Reduction of Qa 

The kinetics of absorbance changes occurring during the transient photoreduction of Qa by short (20 
ms) flashes in broken spinach chloroplasts were initially measured by Stiehl and Witt^ in 1968. In addition 
to an absorbance decrease at -260 nm, there was also an absorbance increase at -320 nm, prompting the 
authors to call the electron carrier producing these spectral changes “X320.” This spectrum change re- 
sembled that for the reduction ofplastoquinone to plastosemiquinone in vitro (see below), suggesting that 
the absorbance change observed in chloroplasts may reflect the photoreduction of Qa to the semiquinone 
QfiJ'. Subsequently, van Gorkom"^ obtained an extended difference absorption spectrum using a PS-II 
particle prepared from spinach chloroplasts by deoxycholate treatment (Fig. 3). The difference spectrum 
appears very similar to the in vitro reduced-minus-oxidized difference spectrum ofplastoquinone in an 
organic solvent, namely, AA[PQ‘^-PQ], represented by the dashed-line spectrum in Fig. 3. Relative to the 
in vitro spectrum, that of chloroplast is shifted - 15 nm toward the longer wavelength, presumably due to 
the effect ofthe protein environment on the bound plastoquinone. These results strongly support the notion 
that the electron carrier, Qa, in chloroplasts is a plastoquinone. 
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Note that the light-induced spectrum change also includes what appears to be blue shifts at 545 and 685 
nm, as shown by the difference spectra in the lower part of Fig. 3. Both ofthese changes have been shown 
to arise from pheophy tin molecules and are induced by the presence of an electric field associated with the 
negatively charged . The 550-to-540 nm band shift is the “C550” found earlier in chloroplasts by 
Knaffand Arnon^ and regarded as an indicator for the photoreduction of the PS -II electron acceptor. 




Fig. 3. Light-minus-dark difference spectrum due to reduction of plastoquinone to the semiquinone in subchloroplast fragments plus 
difference spectra of absorbance changes in the 545- and 685-nm regions. The dashed-line difference spectrum is for plastosemiquinone 
minus plastoquinone in vitro. See text for discussion. Figure source: van Gorkom (1974) Identification of the reduced primary electron 
acceptor of photosystem II as a bound semiquinone anion. Biochim Biophys Acta 347: 441 . 

More recently, new absorbance-change measurements under well-controlled conditions yielded a differ- 
ence spectrum that is considered to be due exclusively to the formation of the semiquinone. For these 
experiments, Gerken, Dekker, Schlodder and Witt^ used an oxygen-evolving PS-II complex prepared from 
the thermophilic cyanobacterium Synechococcus sp. Appropriate chemical intervention was applied to the 
particle to obtain (1) a difference spectrum belonging to P680 **Qa’ -> P680*Qa, and (2) a difference 
spectrum representing the Qa'~“>Qa reaction alone. It should be possible, in principle, to obtain the net 
difference spectrum for P680 oxidation, i.e., AA[P680^-P680], by subtracting the difference spectrum 
AA[Qa’~-Qa] from AA[(P680 ^»Qa"‘)-(P 680*Q)]. The net P680 difference spectrum obtained in this fash- 
ion has already been shown in Fig. 1 (C) of Chapter 15. 

The difference spectrum reflecting redox changes associated only with P680 and Qa can be obtained by 
applying saturating flashes to a Tris-treated PS-II particle containing no externally added artificial sec- 
ondary donors or acceptors but containing EDTA to maintain the secondary donor Y/_ in the oxidized state, 
i.e., [Y7/*P680»<F*Q]. The decay ofthe absorbance changes is not monophasic but occurs in three phases: 
60% having a decay A/, of 170 fjs, 25% having a decay A/, of 800 //S’ and 15% having a decay /,/, of 6 //s’. The 
multiple decay phases are attributed to a distribution of different structural states of the Qa site in the 
reaction centers. Furthermore, spectral analysis shows that the three different components involve only 
P680' and Qa’”, as the difference absorption spectra plotted from all three phases are similar to each other. 
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with a major bleaching at 265 nm and an increase at 320 nm, both due to reduction ofQ^ to the semi- 
quinone Qa \ plus a sharp bleaching at 434 nm due to P680 photooxidation. The spectrum of the total 
absorption change for the 250-570 nm region is shown in Fig. 4 (A). 




Fig. 4. (Top) Composite spectrum of the total flash-induced absorbance change measured using a Synechococcus PS-II complex in a 
variety of states (Tris-treated, oxygen-evolving, etc.) and under different chemical conditions to yield changes due only to P680 and Qa 
changes; (bottom) difference spectrum due to Qa"->Qa change alone and obtained under conditions described in the text. Figure 
source: Gerken, Dekker, Schlodderand Witt (1989) Studies on the multiphasic charge recombination between chlorophyll a/ (P680') 
and plastoquinone in photosystem II complexes. Ultraviolet difference spectrum in Chl-ailChl-a,,. Biochim Biophys Acta 977: 55, 

56. 



We now describe the conditions for obtaining the net difference spectrum for the Q— >Qa’’ change alone. 
The chemical intervention needed to obtain the net difference spectrum for the Qa~ >Qa'~ is the addition of 
DCMU to a Tris-treated sample so that the system is blocked not only before Z but also after Q^, as shown 
below. Then a ferri-/ferrocyanide couple [2.5 mM Fe^'^Cy/2.5 mM Fe^^Cy] is added to provide additional 
chemical intervention: 



120 ms 




DCMU 
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The initial absorbance change upon flash excitation would reflect the formation ofZ*»Q^‘". There is a 
competition between charge recombination, with /y, of 120 ms and rereduction ofZ*^ by a 

rapid forward electron transfer from ferrocyanide (with /y, of 165 ms). At the same time is also very 
slowly oxidized by ferricyanide with a ty, of4 s. When the re-reduction ofZ'^ primarily by ferrocyanide is 
complete, that fraction ofQy^"" not yet oxidized would continue to be oxidized more slowly by ferricyanide: 
•Fe^^Cy— ^Q^'Fe^^Cy. The difference spectrum of this reaction may be obtained by measuring the 
signal amplitude at an appropriate time, e.g., 800 ms after the flash. By subtracting the contribution ofthe 
known absorbance change for the Fe^*'Cy->Fe^'’Cy reaction, the net change due to Qa*"->-Qa is obtained, 
as shown in Fig. 4 (B). The vertical scale was established by using Ae= 12.5 mM^'-cm*' for the peak at 320 
nm forQA (see Fig. 3). The major changes at 265 and 320 nm and the 550->540 nm shift are similar to 
those obtained earlier as shown in Fig. 3, but with more details in the blue region. 



III. Redox Properties of Qa determined by Fluorescence Titration 

As described earlier, the Chl-a fluorescence yield ofchloroplasts is influenced by the redox state ofthe 
electron acceptor Q, and thus the amplitude of fluorescence yield may be used to monitor the midpoint 
potential of Q by means of a redox titration. Such a redox titration was first carried out by Cramer and 
Butler^ in 1969 with spinach chloroplasts at pH 7. Two transitions, presumably representative of two 
quenchers of fluorescence or electron acceptors, were observed in the titration process, with one of 
value between -20 and -35 mV, and another with a much more negative value, between -270 and -320 mV. 
The quencher Q, which had been held for the previously described, light-induced fluorescence yield changes, 
was ascribed to the more positive quenching transition. 

Later Horton and Croze^ re-titrated the PS -II electron acceptor Q in chloroplasts and also obtained a 
fluorescence titration curve with two transitions: -70% ofthe transition occurred at -45 mV and -30% at 
-247 mV [see Fig. 5 (A)]. Each transition could be fitted to the Nernst equation with n=l [see dashed line 
in Fig. 5 (A)]. These results differ from the previously reported ones primarily in the location ofthe more 
negative transition, a discrepancy that was attributed by the authors to the presence of the redox mediator, 
neutral red, used in the earlier work. Neutral red in its oxidized state can apparently also behave as a 
quencher for the PS-II fluorescence yield, and its midpoint potential happens to be -325 mV. Thus at 
potentials higher than - -300 mV, neutral red is largely present in the oxidized state and thus quenches the 
fluorescence component otherwise controlled by the -247 mV component. With neutral red being a fluores- 
cence quencher, fluorescence yield change in this potential region would be expected to follow the profile 
of neutral red reduction, as seen in Fig. 5 (B). Similar results were previously observed by Hawkridge, 
Sahu and this author^ when neutral red was also used as one ofthe redox mediators. Furthermore, as seen 
in Fig. 5 (B), the transition at -375 mVdoes not reflect a one-electron change expected of an endogenous 
quencher but a two-electron change characteristic of neutral red reduction. Both titration curves in Fig. 5 
are on the whole reversible, with only the high-potential component in Fig. 5 (B) showing some hysteresis 
between the reductive and oxidative titrations. 

As noted, the redox transition occurring at the more positive potential is generally considered to be that 
for the Qa + e~—> Qa’” change. The transition occurring in the more negative potential region has been 
observed in all the titrations reported in the literature, but the origin of it is yet unknown. It is even more 
baffling that aredox titration ofthe PS-II particle TSF2a reported from this author’s laboratory^ revealed 
a major component at the more negative potential. Horton and Croze^ proposed a model which places the 
two quenchers on a parallel pathway and suggested that two different types of acceptors may be located in 
different parts of the chloroplast membrane, such as stroma lamellae and grana. To date, however, the 
significance ofthe more negative transition remains unclear. 
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Fig. 5. Redox titration of Chl-a fluorescence yield in isolated chloroplasts containing redox mediators that excludes (top) and includes 
(bottom) neutral red. Round and square dots are for reductive and oxidative titrations, respectively. Dashed line represents Nernst plots 
for n=1 at both -247 and -45 mV (top) and for n=1 at -85 and -40 mV and n=2 at -375 mV (bottom). See text for discussion. Figure 
source: Horton and Croze (1979) Characterization of two quenchers of chlorophyll fluorescence with different midpoint oxidation- 
reduction potentials in chloroplasts. Biochim Biophys Acta 545: 191, 192. 

The redox potential of the more positive transition representing is pH-dependent at - -60 mV per pH 

unit, indicating that reduction ofQ^ is accompanied by protonation: Q . -i- -f j H QaH. In 1975 

10 ^ » 

Knaff found that as the pH of the medium approaches and then exceeds pH 8.9 in a succession of 

samples, the midpoint redox potential approaches a maximum value of-130 mV. Thus the pH value of8.9 
represents the pK value of Qa- H owever, during the brief lifetime of Qa’’ under physiological condition 
protons can not be taken up, and so the - 1 3 0 mV value at and above the pK value ofQA* ’ can be considered 
as the “operating” potential for the Qa" /Qa transition. Furthermore, the absorption-change spectrum shown 
in Fig. 3 also indicates that Qa is reduced to the semiquinone form. This is very similar to the case of the 
stable primary electron acceptor ubiquinone in photosynthetic bacteria (cf. Chapter 5, Section III). How- 
ever, it has been found that under very intense illumination or under an extremely strong reducing condi- 
tion, Qa may forcibly be reduced to Qa - In fact, such a reaction may occur in “acceptor-limited” 
photoinhibition (see Chapter 14, Section IT). 



IV. The Two-Electron Gate 

On the reducing side ofPS II, besides the plastoquinone molecule that serves as the stable, membrane- 
bound primary electron acceptor Qa, there is a more loosely bound plastoquinonemolecule, serving as 

the secondary electron acceptor. Qa accepts an electron, forming the semiquinone Qa’^, and then under 
normal physiological conditions must pass it on to Qg before it can accept another. The absorption-spec- 
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tram change for the Qn Qq’" change is very similar to that for the -> change. However, the 
electrochromic shifts induced in the absorption spectrum of<t> by Q^' are slightly different from those 
induced by Qb"~, apparently because of the difference in their proximity to the pheophytin molecule. 

Unlike 0^"’, however plastosemiquinone Qr’” is not readily reoxidized. In another round of 
photoexcitation, the Qb‘” formed in the previous cycle can accept a second electron from Qa"', forming 
Qn“. The electron-transfer times for Qa*"*Qb Qa*Qb*~ Qa^^Qb"” — > Qa’Qb° different, being 
100-200 and 300-500 /xs, respectively. Electron transfer from Q\ to Qb is inhibited by herbicides such as 
DCMU. In this situation, Qa’” can recombine with a positively charged species present on the oxidizing 
side of PS II, but in the absence of such positive charge, Qa’^ may be trapped for minutes. Likewise, the 
lifetime of Qb’^ also depends on the availability of positive charge on the oxidizing side of PS II. Recom- 
bination with such positive charge takes tens of seconds; otherwise, Qb' , in the absence of other oxidizing 
species, may be trapped for hours! The recombination of either Qa’^ or QB’"with positive charges on the 
oxidizing side of PS II can give rise to “thermoluminescence.” These recombination reactions and their 
associated thermoluminescence will be discussed later in Chapter 24. 

The doubly reduced Qs'can take up two protons from the surrounding medium, forming plastohydro- 
quinone, QbH 2 . Eventually QbH 21 s released from its binding site to the thylakoid matrix where it can 
interact with the cytochrome bfj complex and thus transfer its two electrons to photosystem I eventually. 
The site vacated by QbH 2 is then replenished with an unreduced PQ molecule from the plastoquinone pool, 
this replacement plastoquinone now ready to function as Qb and accept electron from newly formed 
QA*”.The plastoquinone pool contains 5-10 PQ molecules per reaction center, with each PQ able to “store” 
two electrons. This series ofreactions is summarized in Pig. 6. 




Fig. 6. Electron-transfer reactions occurring between the primary and secondary quinone acceptors, Qa and Qb, respectively. D stands 
for the electron donor to Pf AB(1) and AB(2) represent the reduction of Qb by Qa" and Qb" by Qa', respectively, H‘(1) and H*(2) indicate 
the first and second protonation steps associated with the formation of the Qb quinol. Q and QHj are quinone and quinol not closely 
associated with the reaction center. Figure adapted from Diner, Nixon and Farchaus (1 991 ) Site-directed mutagenesis of photosyn- 
thetic reaction centers. Curr Opinion Struct Biol 1 : 548. 

The initial photochemical charge separation, which is a one-electron process involving the formation of 
I P680'^*<I>']j is thus linked to the 2e'/2H^ process of PQ reduction by a “two-electron gate” at Q,j of 
[Qa*QbJ> where Qa and Qb and PQ are all plastoquinone molecules, whose unique chemical behaviors are 
determined evidently by their own special protein environments. The “two-electron gate” process is re- 
flected in the unique periodicity seen in the pattern of absorbance changes and proton uptake, as illustrated 
in Pig. 7, when the chloroplast is subject to a series of short light flashes. The binary oscillatory pattern in 
absorbance changes at 320 nm indicates that a semiquinone is formed upon odd-numbered flashes (flash 
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1,3,5, etc.) and “disappears” as it is converted to the doubly-reduced quinone, upon even-numbered flashes 
(flash 2,4,6, etc.). Similarly, the binary pattern in proton uptake shows virtually no proton uptake on odd- 
numbered flashes while two protons per electron pair transfer are taken up on even-numbered flashes. 
That some protons may be taken up on odd-numbered flashes and that the oscillatory patterns are damped 
after many flashes may be attributed to the fact that the initial state of the sample may contain states other 
than a pure [Qa’Qb] state and that a small fraction of the photosystems may fail to turn over with each 
flash of finite duration. 

Note that the functioning of the two-electron gate in the reaction center of photosynthetic bacteria has 
already been discussed in detail previously in Chapter 6, in particular, in conjunction with the observations 
by Andre Vermeglio" and Colin Wraight^^ of binary oscillations in the measured absorbance changes 
connected with Qg reduction. It should be mentioned that similar observations of such binary oscillations 
connected with the functioning of a two-electron gate in the green-plant photosystem II were made even 
earlierby BernadtteBouges-Bocquet^^ and by Bruno Velthuy and Jan Amesz*"^ almost simultaneously, in 
1973, both using spinach chloroplasts, and measuring methyl viologen reduction (representing electron 
transfer to photosystem I)'^ and by measuring fluorescence changes*"^, respectively, as a function of flash 
number. 



H"’ uptake 



AA (320 nm) 1 ' ' 

Flash number I t I I 

12 3 4 



Fig. 7. Binary oscillations of H*-uptake and absorbance change at 320 nm in chloroplasts exposed to train of flashes. The 320-nm 
change reflects the formation and disappearance of semiquinone. Figure adapted from Clayton (1 980) Photosynthesis: Physical Mecha- 
nisms and Chemical Patterns, p 207. Cambridge Univ Press. 

V. The Plastoquinone-Nonheme Iron Complex 

As in the case of the bacterial reaction center, a nearby nonheme iron is magnetically coupled to Qa or 
Qb when either is in the singly reduced state. The physiological function of iron is not yet known, but 
apparently it is not involved in redox reactions directly. As in the bacterial reaction center, the interaction 
between the plastosemiquinone anion and the nonheme iron also gives rise to a broad asymmetric EPR 
signal [see further discussion on this EPR signal in Section III of Chapter 17]. Production of this EPR 
spectrum due to QA*‘»Fe^* in PS II has been reported by Rutherford and Mathis'^ by illumination at 
different temperatures as well as by chemical reduction in the dark. Spectrum (a) in Pig. 8 is for PS-II 
membrane fragments frozen in the dark, while spectra (b), (c) and (d) are for samples illuminated at 5 and 
77 and 220 K, respectively; spectrum (e) was obtained with the sample containing dithionite but not 
illuminated. All spectra were measured at 4.8 K. Spectra (d) and (e) show the maximum signal amplitude 
that was attainable under the conditions used. The differences in signal amplitude produced by illumina- 
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tion at different temperatures was attributed to a dependence of quantum efficiency on temperature for 
photoproduction of Q^' *Fe^*. 

The EPR spectrum of Qa’ *Fe^' consists of a peak atg=l .82 and a shoulder nearg=l .67. Note that this 
broad EPR signal bears a close resemblance to that ofthe analogous UQa* *Fe^^ signal in photosynthetic 
purple bacteria shown earlier in Chapter 5. Theg=l .82 feature ofthe EPR signal is produced from the PS- 
II membrane at a low pH but is centered at g=l .9 at a high pH. When the pH is lowered it returns to the 
1 .82 spectrum. The two signals apparently represent two alternate and reversible structural forms ofthe 
Qa’ ^Fb^* complex where the interaction between the semiquinone and iron is pH dependent. 

5=1.85 1.75 1.65 1.55 




Fig. 8. Photochemical and chemical reduction ofthe semiquinone-iron complex in PS-II membranes; (a) sample frozen in the dark, (b) 
sample illuminated for 1 0 m at 5 K, (c) sample illuminated for 1 0 m at 77 K, (d) sample illuminated for 4 m at 200 K, and (e) sample frozen 
in the dark in the presence of dithionite (no mediators present). EPR spectra were measured at 4.8 K. Figure source: Rutherford and 
Mathis ( 1 983) >4 relationship between the midpoint potential ofthe primary acceptor and low temperature photochemistry in photosys- 
tem II. FEBS Lett 154: 332. 

A similar EPR spectrum but attributable to the Ob" 'Fe^' complex may be observed by the following 
procedure: a PS-II sample is first illuminated at an appropriate low temperature to produce QA*^*Fe'\then 
brought to 0 °C in the dark for specified time to allow electron transfer from Qa' ' to Q,j, and then rapidly 
frozen to trap the Ob'^’Pc"^ state. The peak of the broad EPR signal ascribed to On"'*Fe'^ is found close to 
g=1.92. 

Prior to the observation ofthe broad EPR signal ofQA’’*Fe^*, a free radical EPR signal expected of 
Qa" in photosystem II had been sought by various workers but without success. However, during the 
investigation ofthe effect of extraction of iron on the interaction between O' and QA‘"*Fe^' at this author’s 
laboratory in 1979, Klimov et found that a TSEIIa particle with iron extracted displays a typical, 
narrow free-radical EPR signal at g=2.0044±0.0003 and a linewidth of 9.2 G attributable to Q^’ when 
illuminated at 200 K and an ambient potential of ~50 mV. This free-radical signal is not seen if plasto- 
quinone is extracted from the TSEIIa sample, with or without prior extraction of iron. These results clearly 
indicate that Qa (as well as Qb) is close enough to interact with the nonheme iron atom. 
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The coordination of ubiquinones Qa, Qb> and Fe by amino-acid ligands in the L- and M-subunits ofthe 
bacterial reaction center is well known from crystal-structure work. The close structural as well as func- 
tional homology between the photosynthetic bacterial reaction center and photosystem II makes the former 
a suitable model for the latter for predicting the binding sites ofthe plastoquinones 0^^, Qb. and Fe as well 
as the amino-acid residues involved in photosystem II. Thus it is inferred that Qa is bound to protein D2 
and Qb to protein D1 [see Figs. 1 and 9] and the nonheme iron atom shares the same amino-acid ligands 
that are used to bind Qa and Qb- The D1 and D2 proteins of photosystem II are homologous to the L and 
M subunits of purple photosynthetic bacteria. In Dl, His2I5 and His-272 correspond to His 190 and 
His230 of the L-subunit of Rp. viridis {cf. the amino-acid sequence alignment in Fig. 10 bottom]. D2- 
His2I5 binds Q^ while D2- His215 and His269 ligate the Fe atom. Thus two pairs of histidines are shared 
by the iron atom. Note that the Fe symbols in the upper half of Fig. 9 represent one and the same Fe atom; 
the single and double underlines refer to residues from the L-subunit or Dl andM-subunit or D2, respec- 
tively. 

In photosynthetic bacteria, the four histidine residues coordinated to the iron atom are supplemented by 
a bidendate ligand. However, a corresponding glutamyl residue is not present in the D2 protein. Michel 
and Deisenhofer^^ reasoned that since the D- and E-helices in Dl and D2 are of equal length, it is rather 




(C) 




His272ti& 

D2^ . 

His215(HelixJ 



Fig. 9. Binding of quinones QAand Qb and the nonheme iron atom to four histidines ofthe D1 and D2 subunits of photosystem II, based 
on the amino-acid sequence homology and the crystal structure ofthe bacterial reaction center. See text for discussion. Figure (C) 
adapted from T rebst (1986) The topology of the plastoquinone and herbicide binding peptides of photosystem II in the thylakoid mem- 
brane. Z Naturforsch 41 C: 243. 
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unlikely for them to deviate from symmetric protein folding to allow either to donate a fifth (or sixth) 
ligand to iron. And considering the known effect ofhicarhonate anion at the electron-accepting site of PS 
II, these authors suggested hicarhonate as a likely candidate for the hidendate ligand for iron in PS II. The 
location ofthe quinone and iron binding sites in the D1/D2 heterodimer are illustrated in Fig. 9 (A) and (B) 
[also cf Fig. 5 in Chapter 1 1]. Coordination of an amino-acid ligand with a quinone or iron is indicated by 
a dashed line. The binding ofFe in the D1/D2 heterodimer to the four histidines and the hidendate bicar- 
bonate ion is shown in Fig. 9 (C). Also see Fig. 11 in Chapters and Color Plate 8 for the disposition ofthe 
nonheme Fe in aPS-II RC model. Van Rensen, Xu and Govindjee^* have prepared an up-to-date review 
dealing with the possible role ofhicarhonate as a ligand to the nonheme iron as well as other roles ofthe 
bicarbonate ion in photosystem II. 



VII. The Herbicide-Binding Protein D1 

Herbicides inhibit photosynthesis by interrupting electron flow on the reducing side ofthe reaction 
center of photosystem II. As originally proposed by Wraight'® and by Velthuy^®, based on several lines of 
evidence, that inhibition by a herbicide occurs in the Qg-binding site in D1 protein and that the action 
arises from the ability ofthe herbicide molecule to compete with Qy forthebinding site, thus resulting in 
the disruption of electron transfer from to Qg. 

It is known that among the three major classes of herbicides, the triazines, the phenolics and the urea- 
type compounds, the phenolics and urea-type herbicides have no herbicide activity in purple bacteria, 
while triazines have long been known to have a remarkable herbicide activity in both PS II and the purple 
bacteria. Since competition for the Qb binding site depends on the suitability ofthe amino-acid residues at 
or near this site in the protein to function as binding ligands for the herbicide molecule, the exploration for 
a molecular-structural basis for herbicide action may be greatly benefited by detailed knowledge ofthe 
crystal structure ofthe reaction center of photosynthetic purple bacteria. Since high-resolution structure 
information is not yet available for the PS-II reaction center but since the L/M proteins in bacterial reac- 
tion center and their D1/D2 counterparts in PS II bear an extensive homology both in structural and 
functional properties, the bacterial reaction center has been utilized to inquire into the structural basis of 
herbicide action in photosystem II ofhigher plants. Pioneering work along this line was first suggested by 
Michel, Epp and Deisenhofer^^ based on the crystal structure of the Rp. viridis reaction center, by Pad- 
dock, Rongey, Abresch, Feher and Okamura^^ using mutants of Rb. sphaeroides as a model, and by 
Sinning, Michel and coworkers^^’^"* using the “T4” mutant of Rp. viridis. 

As noted previously in Chapter 2 on bacterial reaction-center crystal structure, the secondquinone, Q^, 
is not present in the crystallized reaction centers oiRp. viridis, as it is more loosely bound to the reaction 
center than and thus lost during isolation or crystallization. In this case, the reaction centers as isolated 
would serve as a convenient material when direct insertion of a herbicide molecule into the reaction center 
is desired for experimentation. The most interesting and unexpected outcome from these studies has been 
the altered behavior of the T4 mutant of Rp. viridis, formed by replacing Tyr222 with phenylalanine. The 
T4 mutant shows an extraordinary change, namely, from being insensitive to being highly sensitive to both 
the phenolics and the urea-type herbicides. 

Fig. 10, taken from the exceptional review of Sinning , illustrates some recently obtained insights into 
the effect of protein structure of the L-subunit on herbicide action. Fig. 10 (A) shows howQn is situated in 
the binding site ofthe L-subunit ofwild-type Rp. viridis. The figure includes transmembrane helices D 
and E and the membrane-parallel helix de. Here His 190 and His230 in the L-subunit of Rp. viridis and the 
corresponding His215 and His272 in D1 are the known ligands to Qb and the Ee-atom. Ubiquinone Qb in 
the bacterial RC fills the entire pocket formed by helices D and E and the de loop. Hydrogen bonds are 
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Fig. 10. Detailed views of the Qe-binding site in the L-subunit of the reaction center of wild-type (A, B, C) and the T4 mutant [Y222->F] 
(D) ofRp. viridis. The Qa-binding site (or "pocket'') is formed by the amino acids of the D- and E-helices and the connecting loop de of 
the L-subunit. The short helix de between the D- and E-helices runs diagonally in the background and a loop (Met38 to MetSO) of the M- 
subunit is seen at the top. The Qa-pockets in the wild-type RC are occupied by ubiquinone [UQ] in (A), o-phenanthroline lOP) in (B), 
terbutryn [TERB] in (C). and by DCMU in the T4 mutant RC (D). Molecular formulae of OP, TERB and DCMU are shown in insets. 
Figure adapted from Sinning (1 992) Herbicide binding in the bacterial photosynthetic reaction center. Trends Biochem Sci 1 7: 1 52. 
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formed between the carbonyl oxygens of the quinone and the imidazole nitrogen of His 190 and the hy- 
droxyl oxygen of Ser223 (shown by dashed lines). In addition, Hisl90 is also ligated to the Fe. An addi- 
tional hydrogen bond links UQ to the backbone N-H of Gly225 . It has been suggested that in the D1 
protein in PS II- Ser264 , which corresponds to Ser223 in the L-subunit, forms a hydrogen bond in a similar 
fashion but with the plastoquinone molecule. Phe216 may also be an important part ofthe Qe-binding site 
in the L-subunit. Although its aromatic ring is not in contact with the quinone molecule, it may exert some 
indirect influence on the quinone molecule, as a Phe2i6 -»Ser mutation results in an alteration ofthe EPR 
signal of the complex. 

In their earlier work, Michel, Epp, and Deisenhofer^' crystallized Rp. viridis reaction center with the 
vacant site reconstituted with either o-phenanthroline (OP) or terbutryn (2-thiomethyl-4-ethylamino-6- 
f-butylamino-s-triazine and abbreviated as “TERB”) and were able to identify three binding locations for 
OP and one for TERB. In Eig. 10 (B), OP is shown seated deep within the pocket. Each ofthe two N-atoms 
(shaded) of OP form a hydrogen bond with the imidazole nitrogen of His 190 . In addition, OP is also close 
to Ile229 and Leu 193 (neither shown in the figure). 

All inhibitors bind in the same pocket, although they do not necessarily bind in the same region ofthe 
pocket. Eor instance, TERB occupies the “entrance” to the pocket and is thus more distant from the 
nonheme iron atom [see Eig. 10 (C)]. The ethylamino nitrogen of the herbicide is within hydrogen-bonding 
distance (3.5 A) of the side chain of Ser223 . The triazine nitrogen forms another hydrogen bond with the 
backbone amino group of Ile224. The triazine ring is close to and parallel with the aromatic ring of 
Phe216. Other triazine-type herbicides are thought to be similarly bonded to Ser264 and Phe255 in D1 of 
photosystem II, which correspond to Ser223 and Phe216 in the herbicide-binding protein of Rp. viridis [cf. 
Eig. 10, bottom]. 

As mentioned above, the mutation Tvr222 -> Phe in Rp. viridis results in an unexpected change in its 
behavior towards herbicides. Tyr222, being about 7 A away from ubiquinone, is not expected to be in- 
volved in the binding of either Qn or the herbicide molecule. Nevertheless, mutant T4 is now resistant to 
triazine herbicides but instead is sensitive toward DCMU, which binds to PS II but not to the wild-type 
bacterial reaction center. The interesting question is: how does mutant T4 become DCMU-sensitive? 

The binding of DCMU in the T4 mutant has been found to alter the EPR signal of the 
complex, as shown in Fig. 11. The EPR spectrum-(a) of Pig. 11 was obtained by applying one flash to 
dark-adapted chromatophores of wild-type Rp. viridis at room temperature, and then by rapidly freezing 
the sample in the dark. The -185 G-wide, double peak atg=l .84 is typical ofthe ofthe complex. 

Since DCMU has no herbicide activity in wild-type Rp. viridis, application of one flash to a sample 
containing DCMU generates an EPR spectrum (b) that is virtually identical to spectrum (a). Application 
of one flash to the T4 mutant containing no additions generates an EPR spectmm with a similar overall 
line shape but having a more prominent peak atg=l .96 and no double peak at g=l .84. When DCMU is 
present in the T4 mutant chromatophores of Rp. viridis, one flash generates the EPR spectrum shown in 
Pig. 1 1 (d). This spectrum has a shape very different from any of those in (a), (b) or (c), above, but having 
a linewidth of~330 G and a single peak at g=l .84, features that are very similar to those seen in PS II, and 
thus attributed to Q/~*Fe^*. This result clearly indicates that electron transfer in the T4 mutant is blocked 
by DCMU between Qy\ and Qb, consistent with its herbicidal activity. 

The Qg-pocket in wild-type Rp. viridis is apparently not large enough to accommodate a molecule the 
size ofDCMU. To explain the herbicide activity ofDCMU in T4, Sinning, Koepke and Michel^^ reasoned 
that the mutation Tvr222 -» Phe may have changed the spatial relationships ofthe Qu-pocket. In wild-type 
Rp. viridis, the OH group on the side chain of Tyr222 in the L-subunit is very likely hydrogen-bonded to 
the backbone carbonyl of the nearby Asp43 from the M-subunit. Such a hydrogen bond would be lost 
when Tyr222 is substituted with a phenylalanine molecule (Phe222) . as no hydrogen bonding is expected 
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with the M-subunit. Thus the loss of this hydrogen bond could possibly cause a structural rearrangement 
that results in a slight enlargement of the Qg-binding nichejust sufficient to accommodate DCMU. 

Crystallographic analysis of the DCMU-binding T4 reaction center by Sinning, Koepke and Michel^"^ 
shows that DCMU fills the whole Qu-binding pocket. The phenyl ring of DCMU is in a side-by-side, 
layered arrangement with respect to Phe216 [see Fig. 10 (D)]. The dichlorophenyl portion ofDCMU can 
be superimposed on the isoprenoid chain ofthe quinone and the urea portion ofDCMU on the head group. 
It is expected that the carbonyl group ofDCMU would be oriented down toward His 190 to form a hydro- 
gen bond, similar to hydrogen bonding by OP in wild-type Rp. viridis. In any event, it is worth noting that 
it is the first instance of a change of a single amino-acid residue which is not even involved in binding the 
quinone or the herbicide transforming the bacterial reaction center into a photosy stem-II “look-alike” ! The 
Tvr222 -> Phe mutation has afforded an interesting and valuable model for studying the herbicide-binding 
site in PS II. 



g= 1.95 1.85 1.75 1.65 




Fig. 11. EPR spectra of wild-type and mutant (T4) Rp. 
viridis chromatophores at 4.5 K generated by one flash at 
room temperature prior to freezing in the dark. Presence 
or absence of DCMU is indicated in the figure. See text 
for discussion. Figure source: Sinning, Michel, Mathis and 
Rutherford (1 989) Terbutryn resistance in a purple bacte- 
rium can induce sensitivity toward plant herbicide DCMU. 
FEBS Lett 256: 193. 
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I. Photoaccumulation of Reduced Pheophytin ( 0 ~) in Photosystem II - Discovery of the 
Intermediary Electron Acceptor 

We have discussed in the previous chapter the “stable primary” electron acceptor of photosystem II. 
Qa is the electron acceptor that stabilizes the primary photochemical charge separation on account of its 
relatively longlifetimeinthesinglyreducedstate.Thetrueprimaryelectronacceptoris actually apheophytin 
molecule. Since it is formed in a few picoseconds and has a lifetime of only -200 ps, it is called the 
transient intermediary electron acceptor, where the term “intermediary” refers to its position between the 
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Fig. 1. (A) Model of the photosystem-ll reaction center showing the location of <I>a, the intermediary electron acceptor and (B) the 
sequence of reactions involved. 
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the primary donor P680 and acceptor Q^. (The abbreviation “I” is also commonly used in photosynthesis 
literature). Fig. 1 illustrates the location ofpheophytin in the PS-II reaction center [Fig. 1 (A)] and its 
involvement in the initial phases of photochemical charge separation [Fig. 1 (B)]. 

In 1974, van Gorkom* postulated that an electrochromic band shift observed in the presence ofQ^ 
might be attributable to pheophytin and that pheophytin might be the primary electron acceptor in PS II. 
Not long afterwards, the notion that pheophytin is the primary electron acceptor in PS II was confirmed by 
the work of Klimov and coworkers^. We have seen in the previous chapter that PS-II fluorescence yield 
depends on the redox state of the acceptor Q^: oxidized Qa quenches fluorescence but the fluorescence 
yield increases when is reduced. This is illustrated by trace (a) in Fig. 2 (A). The small upward arrow 
represents the turning on ofthe weak monitoring light while the large upward arrow represents the onset of 
the strong excitation light that is used to photoreduce Q^, resulting, as shown, in an increase, AF, in 
fluorescence yield. Upon removal ofthe excitation light (large downward arrow), the fluorescence yield 
drops rather rapidly to the Fq level. In 1977, Klimov, Klevanik, Shuvalov andKrasnovsky^foundthatifa 
strong reducing agent is added beforehand to chemically reduce the electron acceptor in PS II, the weak 

monitoring light alone, as expected, readily induces the maximum fluorescence yield, F^a,;. But, surpris- 
ingly, upon application ofthe strong excitation light, the fluorescence actually decreases rather than in- 
creases [Fig. 2 (A), top panel curve (b)]. 

Klimov et al? interpreted these results by suggesting that there is an intermediate electron acceptor in 
the form of a pheophytinmolecule, O, present between the primary donor P680 and electron acceptor Q. 
The authors suggested that the increase in fluorescence could be considered as luminescence arising from 
recombination of the separated charged pair in [P680*»<I>~], which is facilitated when is reduced be- 
forehand, and, furthermore, when the PS-II particle is then illuminated with strong light, the pheophytin 
acceptor may be trapped or accumulated in the reduced state; 

[e~]: [P680*0]*OA" + /tv^^ [e']: [P680 '‘O-]*Qa ^ [e ]: [P680*dr].Q^ 

Here Qa" is chemically pre-reduced and “[<?']:” represents an externally added reducing agent. The quan- 
tum efficiency for photoaccumulating O' is actually very low, estimated to be only 0.002-0.005. This low 
value is reasonable as the externally added reducing agent is presumably competing with O for the reduc- 
tion ofP680'^. The recombination between P680^ and O' takes only nanoseconds (see below), whereas the 
reduction of P680 ' by the externally added reducing agent takes microseconds. 

Photoaccumulation of O' under reducing conditions can be monitored directly by the absorption- 
spectrum changes accompanying the reaction^. Fig. 2 (A) trace (c) shows that at least with limited time 
resolution, no significant absorption change was observed at 685 nm in “open” reaction centers (-1-400 
mV) where any O' formed during photochemical charge separation can rapidly transfer its electron to Qa 
and P680^ can be rapidly reduced by the secondary electron donor (Z) present on the donor side: 

Z»[P680«O]»Qa + hv-^ Z*[P680'*O']>Qa + hv-^ ZA[P680«O]«Qa" 

In the “closed” reaction center, when the sample is poised at -450 mV so that acceptor Qa is initially 
reduced by chemical means, a light-induced absorbance change at 685 nm, representing photoaccumulation 
of O', can be observed, as shown in Fig. 2 (A) trace (d). Also worth noting is that the kinetics of this 
absorbance change is similar to that ofthe light-induced fluorescence decrease shown in Fig. 2 (A) trace 
(b). This is consistent with the notion that the luminescence originates from charge recombination between 
P680^ and O'. Furthermore, under these conditions, an EPR signal withg-value of 2.0035 and a linewidth 
of 12.5 G consistent with that of reduced pheophytin anion radical in solution, can also be observed after 
illumination. As expected, the kinetics ofthis EPR signal is also similar to that ofthe absorbance-change 
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PS-II particles (TSFIIa) from spinach 




Oj-evolving particles from Phormidium laminosum 




Fig. 2. Chlorophy ll-a fluorescence-yield and absorbance changes in spinach subchloroplast particles TSF lla (A) and in oxygen-evolving 
PS-II particles from Phormidium laminosum (B). Panel (A) top shows light-induced fluorescence-yield changes (left and center) and 
absorbance changes (right); bottom: light-minus-dark difference spectrum due to pheophytin photoreduction. Panei (B) top and bottom 
show signals corresponding to those in panel (A) but for Phormidum laminosum PS-II particles. See text for discussion. Figure source: 
(A) Klimov, Dolan and Ke (1980) EPR properties of an intermediary electron acceptor (pheophytin) in photosystem-ll reaction centers 
at cryogenic temperatures. FEBS Lett 112: 98; (B) Ke, Inoue, Babcock, Fang and Dolan (1982) Optical and EPR characterizations of 
oxygen-evolving photosystem II subchloroplast fragments isolated from the thermophilic blue-green alga Phormidium laminosum. 
Biochim Biophys Acta 682; 301 , 302 
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and luminescence-change signals just described. Thus, all three types of signals, fluorescence, absorbance 
changes, and EPR reflect the redox-state change of the same chemical species. Further details on the EPR 
spectrum offl)' will be presented below. 

The absorbance difference spectrum belonging to the 0^0' reaction, measured with TSF Ila particles 
poised at -450 mV, is shown in the lower panel of Fig. 2 (A). The absorbance-change signal at 685 nm 
shown at the right of the difference spectrum illustrates the kinetics of the reaction. The most prominent 
features in the difference spectrum for pheophytin reduction are a negative AA at 685 and 545 nm and a 
positive AA at 676 and 655. These wavelengths agree well with those of reduced pheophytin in solution, 
except that the spectrum is shifted to a longer wavelength by ~20 nm, the shift presumably reflecting the in 
vivo environment of pheophytin. 

Using the known extinction coefficient of 32 mM ’•cm"' at the peak of red band for pheophytin in 
solution, the amount ofpheophytin undergoing photoreduction relative to total chlorophyll is estimated to 
be 1/30-40. Since the CU/P680 ratio in TSF Ila is known to be -40/1, the reactant P680/<t> ratio can be 
taken to be unity. 

Up to 1980, pheophytin studies, both by Vyacheslav Klimov in Pushchino and in our laboratory in 
Yellow Springs, were carried out with spinach subchloroplasts and it was not known whether pheophytin 
acts as the intermediary electron acceptor in algae and cyanobacteria. In 1981, work"^ in the author’s 
laboratory using an oxygen evolving PS-II particle, isolated from the thermophilic cyanobacterium 
(Phormidium laminosum) by a method similar to that developed by Stewart and Bendall^, was undertaken 
to examine the various spectroscopic changes asjust described for spinach chloroplasts. As can be seen in 
Fig. 2 (B) upper panel, the patterns for both fluorescence and absorbance changes in the cyanobacterial 
PS-II particle are parallel to those in the spinach TSF Ila particle. In this same panel, the state of the 
sample for each trace is also indicated. Again, the monitoring and excitation light regimen is indicated by 
the small and large arrows, respectively. 

The light-minus-dark difference spectrum due to photoaccumulation of reduced O in oxygen-evolving 
PS-II particles of Phormidium laminosum poised at -450 mV is shown in Fig. 2 (B), lower panel; it is very 
similar to that obtained with spinach subchloroplasts shown in Fig. 2 (A), lower panel. The wavelength 
scales ofthe two difference spectra are aligned to allow for direct comparison. Contrary to the difference 
spectrum shown in Fig. 2 (A), which was plotted from the amplitude of absorption-change signals mea- 
sured at individual wavelengths, that in Fig. 2 (B) was obtained more conveniently and perhaps also more 
accurately by registering the entire absorption spectrum ofthe sample over the wavelength range of inter- 
est first in the dark and then during illumination using a diode-detector array and a multichannel digitizer. 
The difference spectrum was then simply obtained by computer subtraction. 



II. Additional Demonstration of Pheophytin being the Primary Eiectron Acceptor of 
Photosystem ii 

In the meantime, Vyacheslav Klimov visiting the author’s laboratory and Vladimir Shuvalov visiting 
William Parson’s laboratory collaborated in a study of rapid reaction kinetics in TSF Ila particles main- 
tained under various redox conditions at room temperature^. A 25 ps, 590-nm dye-laser flash was used for 
luminescence excitation and a 3-ns, 694-nm ruby-laser flash was used for eliciting absorbance changes. 
The luminescence and absorbance-change results are shown in Figs. 3 (A, B) and (C, D), respectively. The 
TSF Ila sample was maintained either at -1-400 mV [50 p,M FeCy, trace (a)], or at -450 mV [S2O4" and 
continuous illumination, trace (b)], or at -450 mV [ 8204 “ ] but kept in the dark [trace (c)]. In Fig. 3 (A), 
trace (d) shows the nanosecond profile ofthe 590-nm excitation flash. 
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In the oxidized sample, a prompt Chl-a fluorescence with a 0.42 ns lifetime is seen [Fig. 3 (A), trace 
(a)]. In the sample maintained at -450 mV and illuminated to photoaccumulate <J)", the prompt fluores- 
cence lifetime is 0.18 ns [trace (b)]. In the sample maintained at -450 mV but kept in the dark, the signal 
shows a prompt and a delayed fluorescence (or delayed light emission) with lifetimes of 1.06 ns and 4.3 ns, 
respectively [trace (c)] . Note that in the extended time region [panel (B)] , only trace (c) still has a measur- 
able emission tail. These results show that neither the sample in the oxidized state nor that with 
photoaccumulated show any delayed light emission. Only the sample in which is pre-reduced shows the 
4.3-ns luminescence. These results support the notion that the delayed emission is a recombination lumi- 
nescence originating from the [P680**<t>'] state. 



(A) (B) 




Time 400 500 600 nm 

Fig. 3. (A) Kinetics of Chl-s fluorescence from TSF He particles excited by ~25-ps. 590-nm excitation pulses and measured by single- 
photon counting: (a) sample in the presence of ferricyanide; prompt fluorescence lifetime=0.42 ns; (b) sample at ~ -450 m V, 60 s after 
continuous illumination with white light for 15 s; prompt fluorescence lifetime=0. 18 ns, (c) sample at - -450 m IZ in the dark; prompt 
fluorescence lifetime=1 .06 ns, delayed fluorescence lifetime=4.3 ns; (d) excitation pulse profile. (B) same as (A) but recorded in an 
extended time domain. (C) Light-induced absorbance changes at 41 5 and 51 5 nm. Samples (a) and (b) are the same as those in panels 
(A) and (B); samples (cand d) at -450 mV and maintained in the dark. (D) Light-minus-dark difference spectrum of TSF Ha particles 
plotted from changes of ~4 ns lifetime, induced by 3-ns, 694-nm excitation pulses. Solid-line spectrum represents the sum of spectra for 
P680* and cP'formation. Figure source; Shuvalov, Klimov, Dolan, Parson and Ke (1980) Nanosecond fluorescence and absorbance 
changes in photosystem II at low redox potential. Pheophytin as an intermediary electron acceptor. FEBS Lett 118: 280, 281. 
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The corresponding light-induced absorbance changes in TSF Ila samples in the three different redox 
states are shown in Fig. 3 (C). For the oxidized sample and for the sample where O' had been 
photoaccumulated prior to flash excitation, signals attributable to the formation of antenna-chlorophyll 
triplet states with a lifetime of ~33 ns are seen in traces (a) and (b), respectively, indicating that formation 
of the antenna chlorophyll triplets is apparently not strongly dependent on the redox state of O. Only in the 
dark sample at -450 mV, in which the [P680'^»O'] state prevails following the flash, is an absorbance 
decrease with a decay time of ~4 ns observed (trace c). The 4-«^ component is superimposed on a longer- 
lived absorbance change that is presumably due to antenna chlorophyll and carotenoid triplet, the latter 
probably due to a transfer of triplet energy from Chi. This notion is supported by trace (d), where the 
sample is monitored at 515 nm. Carotenoid triplet formation is expected to produce an absorbance in- 
crease at 515 nm and the 33-ns risetime of the of the observed absorbance increase coincides well with the 
decay time in traces (a) and (b). 

The notion that both the 4-«^ AA and AF reflect charge recombination in the [P680'^*<I>'] state is further 
supported by the difference absorption spectrum constructed from individual flash-induced transients from 
400 to 600 nm as shown in Fig. 3 (D). Absorbance decreases at 415, 515 and 540 nm and the development 
of a band at 460 nm are all characteristic of® formation; the major bleaching at 430 nm and the broad 
increase between 460 and 500 nm are characteristic ofP680‘ formation. The measured data points are 
very compatible with the solid curve constructed from difference spectrum for P680'' previously measured 
by van Gorkom, Pulles and Wessels’ and that for formation shown in Fig. 2. 

The present state ofthe concept ofrecombination luminescence may be briefly mentioned at thisjunc- 
ture, as some work performed by other workers on this subject during the intervening years has shown 
some variance. For instance, Schlodder and Brettel^ reported that in the closed PS-II reaction centers of an 
oxygen-evolving complex from Synechococcus, the charged pair in [P680'^*O“] has a lifetime of 1 1 ns but 
fluorescence with a corresponding 1 l-ns decay time was not found. For further discussion on this topic, 
the reader may refer to references 8 and 9 for a well-documented summary of various related works. 

We may summarize what has been discussed thus far for closed reaction centers of photosystem II in 
which Q is pre-reduced, by a reaction scheme incorporating recombination luminescence: 




Z" [P680 ®' ] Qa' 



[e'l: 



(SjOT) 



Z-[P680 ®’ ] Qa' 



Various approximate reaction times are indicated for the reactions steps. Also worth noting is that lumi- 
nescence produced by charge recombination in [P680'*'*® ] has been found to require an activation energy 
of only 0.06-0.08 eV". This low activation energy favors a high quantum efficiency for the recombination 
luminescence. 
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III. The EPR Spectrum of - Interaction between 0“ and PQ‘"*Fe^* 

As noted above, photoaccumulation ofO" at 295 K is accompanied by a free-radical EPR signal with 
^=2.0035 and AH = 12.5 G and with kinetics of formation the same as that of the absorbance change 
attributed to the photoreduction of O.This EPR signal resulting from the photoaccumulation of O' at 295 
K is shown in Pig. 4 (A), first column, top trace. At very low temperatures the signal is readily saturated 
at high microwave powers and thus may be easily missed (see Pig. 4 (A), first column, bottom trace). The 
g-value and halfwidth of this EPR signal are the same as those of reduced pheophytin in an organic solvent 
and thus support the conclusion that reduced O" in PS II is a monomer species. The ENDOR spectrum of 
photoaccumulated O ' also indicates that it is a monomer. 

If photoaccumulation is carried out at a lower temperature, e.g., 220 K, the EPR signal measured at 6 K 
shows, in addition to the narrow, free-radical EPR signal, a doublet centered atg=2.00 and split by 52 G 
(Pig. 4 (A), second column). This EPR doublet is not easily saturated by microwave power and thus a 
larger signal devoid of the free-radical component can be obtained when measured at 50 mW microwave 
power at 6 K. The doublet EPR signal is very temperature sensitive and can only be observed at tempera- 
tures below 15 K; at a higher temperature (25 K), the doublet is not seen at either a low or a high micro- 
wave power (Pig. 4 (A), right column). 

The microwave-power dependence of the singlet and doublet EPR signals is shown in Pig. 4 (B). The 
doublet has a maximum amplitude in the 20- to 50-mW range at 7 K. The singlet amplitude is at a maxi- 
mum at very low microwave power and decreases very rapidly as the microwave power increases. 
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Fig. 4. (A) EPR spectra of TSF lla particles poised at -450 mV and after 90-s illumination at 295 or 220 K and measured at two different 
microwave powers. (B) shows effect of microwave power (P) on the amplitude of the photoinduced narrow (singlet) and doublet EPR 
signals at 7 K. Figure source: Klimov, Dolan and Ke (1980) EPR properties of an intermediary electron acceptor (pheophytin) in 
photosystem II reaction centers at cryogenic temperatures. FEBS Lett 112: 98, 99 and Klimov, Dolan, Shaw and Ke (1980) Interaction 
between the intermediary electron acceptor (pheophytin) and a possible plastoquinone-iron complex in photosystem-ll reaction cen- 
ters. Proc Nat Acad Sci, USA, 77: 7228 
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A similar doublet EPR signal has previously been observed in photosynthetic bacteria under compa- 
rable experimental conditions, and was attributed by Okamura, Issacson and Feher'^ to the reduced 
bacteriopheophytin (B<5 ) interacting with the Q*'»Fe^* complex. The doublet EPR signal observed in 
green-plant photosystem II is thought to have the same origin, as independently confirmed by a series of 
experiments as described below. The appearance of only the singlet EPR signal when photoaccumulation 
is carried out at 295 K in a photosystem-II reaction center was originally suggested by Klimov et to 
be the result of the formation of in the presence of doubly reduced rather than singly reduced Q'" by 

illumination at the higher temperature. In fact, such a process had been postulated earlier by Okamura et 
fl/.'^to explain similar results in the photosynthetic bacterial system. More recently, van Miegham etalP 
correlated photoinduction of a PS -II triplet state via radical pair recombination with the further photore- 
duction ofQA*”*Fe^'^ to OA“*Fe^' at ambient temperatures. 



Effect of PQ extraction Effect of Fe removal 




Fig. 5. (A) EPR signals after phototrapping of at 220 K in TSF lla particles variously treated as indicated in the figure. All spectra 
measured at 7 K. (B) Light-induced EPR signals in TSF lla particles after phototrapping <P' at 220 K. Sample treatments: (a) lyophilized 
sample treated with 0.4 M LiCI 04 ; (b) same as (a) but after additional treatment with 2.5 mM ophenanthroline (OP); (c) and (d) same as 
(b) but with additional 1 2-hr incubation with 0.2 mM Fe'* (c) or 0.2 mM Mn'* (d). (C) Plot of effect of LiCIO< and o-phenanthroline on 
light-induced doublet EPR signals of TSF lla particles after phototrapping of drat 220 K. Figure source: Klimov, Dolan, Shaw and Ke 
(1980) Interaction between the intermediary electron acceptor (pheophytin) and a possible plastoquinone-iron complex in photosys- 
tem-II reaction centers. Proc Nat Acad Sci, USA. 77: 7228, 7229. 
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We now return to the question ofthe origin ofthe EPR doublet signal. An interaction between quinone 
and iron may be directly demonstrated by examining the effect on the EPR signal following the removal of 
quinone and/or iron. Results ofthese experiments are summarized in Pig. 5. Before chemical extraction 
with organic solvents, the PS-II sample was lyophilized to a dry-powder form. Pig. 5 (A), top row, shows 
that the lyophilized sample resuspended in solution is still capable of producing the doublet EPR signal. 
The next row shows the lyophilized sample after extraction with pentane containing 0.13% methanol 
yields a substantially smaller doublet EPR signal (left) and that extracted with pentane containing 0.16% 
methanol (right) shows little or no doublet signal but addition of plastoquinone to the extracted sample 
effectively restores the doublet signal almost completely. The addition ofcarotene (or carotene plus vita- 
min K|)has negligible restorative effect; plastoquinone plus carotene together do not appear to display any 
synergistic effects. 

The iron in the sample was extracted by first treating the sample with a chaotropic agent to denature, or 
unfold, the protein, and then exposing it to an iron-complexing agent such as o-phenanthroline. The top- 
most signal in Pig. 5 (B) shows that treatment ofthe lyophilized PS-II sample only with the denaturing 
agent LiCl 04 has no noticeable effect. However, the doublet EPR signal in a lyophilized TSP Ila sample 
treated with both LiCI 04 and o-phenanthroline is markedly decreased virtually to the noise level in ampli- 
tude. More significantly, the amplitude ofthe original doublet signal can to a large extent be restored when 
the iron-extracted sample is reconstituted with a ferrous salt. Purthermore, salts of other divalent metals 
such as manganese or magnesium (not shown) have no effect in restoring the doublet EPR signal. 

Pig. 5 (C) shows the dependence ofthe amplitude ofthe doublet EPR signal on the concentration ofthe 
denaturant used, in the presence and absence ofo-phenanthroline. The solid line in the figure shows that 
LiCI 04 up to -0.6 M has little effect and the signal completely disappears only when LiC 104 concentration 
reaches -0.8 M. On the other hand, if the sample solution also contains 2.5 mM o-phenanthroline, 50% of 
the amplitude ofthe doublet EPR signal can be abolished by the presence of only -0.25 M LiCI 04 . In the 
presence of 2.5 mM o-phenanthroline and 0.5 M LiC 104 -60% of the iron is removed but the doublet 
signal is completely abolished, as shown by the dashed line in the figure. Complete removal of all the iron 
requires the presence of2.5 mM o-phenanthroline and 0.45 M LiCI 04 . Chemical analysis shows that TSP 
Ilfl contains -2 nonheme iron atoms per reaction center. 

Experimental results showing the effect of plastoquinone and/or iron on the doublet EPR signal clearly 
suggests that the splitting ofthe EPR signal is the result of an interaction between the reduced free-radical 
O" and the paramagnetic complex PP’^'Pe^'. The g-value ofthe low-field peak of the latter species is 1.8, 
as expected. The doublet EPR signal can also be detected in the less-pure TSP II particles as well as 
unfractionated chloroplasts^®, but the signal amplitude is only -1/2 and -1/4, respectively, ofthatofTSP 
Ilfl, relative to the reaction-center concentrations in these samples. The above findings reveal a marked 
analogy with the photosynthetic bacteria, where the Qa’” *Fc^* complex itself shows ag=l .92-1.87 EPR 
signal but in the presence ofBO can produce the doublet EPR signal. The broad, g=l .8 EPR signal ofthe 
Qa" *Fe^^ complex was subsequently observed by Nugent, Diner and Evans'"^ in a PS I-less mutant of 
Chlamydomonas reinhardtii and by Rutherford and Mathis’^ in PS-II particles of spinach. The broad 
Qa'” ‘Fe^’ EPR signal has also been discussed in Section 5 of Chapter 16. 

IV. Midpoint Potentiai of the Intermediary Eiectron Acceptor o 

As shown above, when Q is maintained in the reduced state, illumination can still produce a charge 
separation. But if the ambient redox potential is sufficiently negative to reduce a fraction of the pheophytin 
in the reaction center, then that fraction of the pheophytin would not be available to participate in the 
charge separation, and the amplitude ofthe absorbance change due to pheophytin photoreduction as well 
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as to P680 photooxidation would be attenuated accordingly. In other words, the larger the fraction of 
pheophytin that is chemically reduced beforehand, the smaller will be the absorbance change due to pho- 
toinduced charge separation. Klimov et a/. '^utilized this reasoning to determine the midpoint potential of 
pheophytin by measuring the amplitude of absorbance change at 685 nm as a function of the redox poten- 
tial imposed on the sample, with the results shown in Fig. 6 (A). As the redox potential necessary to reduce 
pheophytin has to be quite negative, the authors had to resort to a pH as high as 10-11 in order to achieve 
the negative potentials needed to fully reduce pheophytin. The titration appeared to be reversible, asjudged 
by the results of a reverse oxidative titration from -620 mV to -500 mV (not shown). The solid line in the 
figure is a fit based on the Nernst equation for a one-electron change and is in good agreement with the 
data. From this fit, the midpoint redox potential of 0/0“ was estimated to be -610 mV. It is worth noting 
that the Eq value for the 0/0' couple in photosystem II measured here is very close to the Eq value (-610 
to -640 mV) ofpheophytin in organic solvents. 

Another method for determining the redox potential for 0/0 was used by Rutherford, Mullet and 
Crofts^^. It is based on a different phenomenon which also depends on the extent of chemical reduction of 
pheophytin and that is the formation of the light-induced, spin-polarized triplet state of P680. It is known 
that in the so-called “closed” PS-II reaction center, i.e., when the secondary electron acceptor is fully 
pre-reduced to chemically, illumination at cryogenic temperatures can still induce charge separation, 
forming P680* and O'. Since is already reduced, the separated primary charged pair decays rapidly in 
part by way of the spin-polarized triplet state of the primary donor (‘P680’) which has a relatively long 
lifetime and shows an EPR signal characteristic ofthe triplet state: 

[P680*O]*QA^“*Fe^*+/?v/-4 [P680^*O ]*Qa' '■[P680*O]‘-QA^'*Fe^^ ->'^P680**O*QA^''Fe^* 

(radical pair) (triplet) 

where [P680'^*O'] is the radical pair and 'P680*represents the spin-polarized triplet state of P680. If O' 
is photoaccumulated, i.e., trapped in the reduced state, illumination can no longer induce the formation of 
the P680 triplet. This is clear evidence that ^P680* is formed by charge recombination in [P680**O']. 

Fig. 6 (B) shows EPR signals measured at 3-5 K with a PS-II membrane fragments prepared from pea 
chloroplasts and poised at three different potentials and under steady illumination. In the sample poised at 
-439 mV [trace (a)], apparently only Q^is chemically reduced butO is not yet chemically reduced, as the 
amplitude of the triplet signal is at a maximum level. In the sample poised at -644 m V, most of the triplet 
signal is eliminated, indicating that pheophytin is nearly all chemically reduced at this potential. When the 
potential of the sample is raised from -644 back to -480 mV, the triplet-signal amplitude is almost com- 
pletely restored. These results thus also indicate that the redox titration is reversible, and the signal attenu- 
ation originates from O reduction and not from undergoing a destructive process. 

Pig. 6 (C) shows the redox titration curve consisting of data points from triplet signals produced in 
samples poised at various potentials at pH 11. Again, the solid curve is a fit for the Nernst equation based 
on a one-electron change. The empty-circled data points are taken from the reductive titrations, and several 
data points (solid-dots) are shown for the reverse oxidative titration. All points coincide reasonably well 
with the theoretical curve, confirming that the redox reaction is reversible. The redox potential of 0/0' 
estimated from the titration curve is -604 mV, very close to the value derived from the attenuated absor- 
bance-change measurements by Klimov et al. 

With the Eq value for the 0/0' couple available, it is possible to indirectly estimate the Eq value ofthe 
P680'/P680 couple. Absorption ofa photon ofred light with an energy of~l.8-l.82 eVbrings P680 into 
the excited state, P680*, which then loses an electron in a few picoseconds (see below) to O, which has a 
redox potential of-0.61±0.03 V. By measuring the activation energy for the delayed luminescence, the 
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energy difference between the singlet excited state of P680, 'P680*and [P680*»C)‘] has been estimated by 
Klimov et al}^ to be 0.08 eV. Thus the midpoint redox potential for the P680VP680 couple would be 
~+ 1 . 1 2±0.05 V. A redox potential of similar value was previously calculated by Jursinic and Govindjee'^ 
for P680 from data on delayed light emission arising from recombination of primary charges in photosys- 
tem II. The extremely positive redox potential of P680 should be quite sufficient to oxidize water, whose 
midpoint potential is -i-0. 8 1 V. The redox potential of P680, however, has not yet been directly determined. 




Fig. 6. (A) Plot of amplitude of light-induced pheophytin-reduction signal vs. ambient potential of the medium. (B) Effect of ambient redox 
potential on the extent of light-induced PS-II reaction-center triplet signal In pea chloroplast particles. (C) Plot of the extent of the light- 
induced triplet EPR signal in (B) vs. redox potential. Open and closed circles are for reductive and oxidative titrations, respectively. The 
solid curve is a computer fit of the Nernst equation with n=1 and E„, was estimated to be -604 tnV. Figure source: (A) Klimov, Allakhverdiev. 
Demeter and Krasnovsky (1979) Photoreduction ofpheophytin in photosystem 2 of chloroplasts with respect to the redox potential of 
the medium. DokI Akad Nauk SSSR 249: 229; (B and C) Rutherford, Mullet and Crofts (1981) Measurement of the midpoint potential of 
the pheophytin acceptor of photosystem II. FEBS Lett 123: 236, 237 
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V. Picosecond Kinetics of Photochemicai Charge Separation and Eiectron Transport 
in Photosystem ii 



The transient intermediary electron acceptor, cp, in the photosystem-II reaction center is expected to be 
reduced very rapidly following a flash, perhaps on the order of picoseconds. Not surprisingly, its belated 
discovery in 1979 did not come about through rapid kinetic measurements, but rather by way of the rather 
slow process of “photo-accumulation” under conditions in which the secondary electron acceptor is 
kept in its reduced state by electrochemical manipulation. After much ofthe chemical and physical prop- 
erties of CD had become known, the question of its photoreduction rate naturally became of interest. 

The initial attempt to observe the primary charge separation and measure the related electron-transfer 
times in photosystem II was carried out in 1986 by Nujis, van Gorkom, Plijter and Duysens*^ with sub- 
nanosecond resolution. Relatively intact PS-II membrane fragments containing one reaction center per 80 
Chi molecules were investigated using a 35-ps, 532-nm laser pulse for excitation. Transient absorption 
difference spectra at 0 (i.e., excitation pulse coincident with monitoring pulse), 200 ps and 1 ns after 
application ofthe excitation flash are shown in Fig. 7 (A). 






(C) 




Fig. 7. (A) Absorbance difference spectra of PS-II particles measured at 0 ps (a) , 200 ps (b) and 1 ns (c) after excitation with 35-ps, 532- 
nm pulses. (B) the solid-dot absorbance-difference spectrum ofthe PS-II particles was obtained by subtracting the 1-ns spectrum (c) 
from the 200-ps spectrum (b) in (A); the empty-circle spectrum was obtained by subtracting the 1 -ns spectrum (c) in (A) from a 200-ps 
difference spectrum of PS-II particle containing dithionite [not shown). (C) kinetics of absorbance changes at 655 nm in the presence of 
ferricyanide (solid dots) or dithionite (empty circles). See text for discussion. Figure source. Nuijs, van Gorkom, Plijter and Duysens 
(1 986) Primary-charge separation and excitation of chlorophyll a in photosystem II particles from spinach as studied by picosecond 
absorbance-difference spectroscopy. Biochim BiophysActa 848: 170, 171. 
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The transient difference spectrum atO ps [Fig. 7 (A, a)] is predominantly due to the formation of excited 
singlet state ofthe antenna Chi a, with a major bleaching at 685 nm. The transient difference spectrum 200 
ps after excitation [Fig 7 (A, b)] is ascribed to contributions from both P680 photooxidation and O 
photoreduction. The l-ni difference spectrum [Fig. 7 ( A, c)], with the maximum bleaching now shifted to 
680 nm, is considered to be due only to the remaining photooxidized P680^. 

Thus, when AA[P680*-P680] of spectrum (c), properly weighted, is subtracted from AA[(P680*- 
P680)+(O*-<I))] of spectrum (b), the net difference spectrum for O photoreduction, AA[<h -0], is obtained, 
as shown by the solid line drawn through the solid dots in Fig. 7 (B). This difference spectrum is very 
similar to that shown forphotoaccumulated in Fig. 2 above, as well as the 4-ns absorbance-difference 
spectrum measured by Shuvalov et al.6 [Fig. 3 (D)]. Although the experiments of Nujis et al.i9 clearly 
demonstrated charge separation between P680 and <t>, the rate of charge-separation could not be resolved, 
only an upper limit of 35 ps, the width ofthe excitation pulse, could be assumed. 

In the open and closed PS-II reaction centers, the photoreduced O recovers differently as shown in Fig. 
7 (C). The initial decay ofthe absorbance in both the open and closed systems is essentially the same and 
is attributed to the deactivation ofthe excited antenna Chi a. In open PS-II reaction centers, C) transfers 
its electron to reduce in -250 ps, as shown by the solid line, but in closed PS-II centers, cp" cannot 
transfer its electron forward to Qa and thus recombines relatively slowly with P680* in ^ 2 ns, as repre- 
sented by the more slowly decaying tail drawn as a dashed line through the empty circles. 

In 1989, Wasielewski, Johnson, Seibert and Govindjee determined the rate of charge separation in 
photosystem II at a higher time resolution by using 500-fs, 610-nm laser pulses for photoexcitation. These 
workers used a Dl/D2/Cyt 6559 particle of Nanba and Satoh 2 i prepared from spinach and further stabi- 
lized . The measurements were carried out at 4 °C with a photodiode array to obtain transient absorption 
difference spectrum from 440 to 850 nm while the charge-separation rate was derived from absorption- 
change kinetics monitored at individual wavelengths. 

As shown in Fig. 8 (A), 10 ps after excitation of the Dl/D2/Cyt b559 complex with a 500-fs 610-nm 
laser pulse, a transient absorption difference spectrum with a major bleaching at 674 nm and a broad 
increase beginning at -750 nm and extending beyond 850 nm was obtained. It is known that P680 has a 
major absorbance change near 674 nm and <P near -682 nm. Since the formation of P680^ is accompanied 
by an absorbance increase in the 800-nm region as shown previously in Fig. 1 of Chapter 15, and it is also 
known that 0“ in solution has abroad absorbance-change maximum near -790 nm, the transient differ- 
ence spectrum in Fig. 8 (A) could be attributed to equal contributions from P680 photooxidation and O 
photoreduction in the reaction [P680*O] -> [P680‘*O”j. Note that the Ae's for P680->P680* and 
are known to be the same at 800 nm, namely -10'’ M"’ *cm ' the absorbance change in this region 
would consist of an equal contribution from both P680— >P680'^ and O — > O'. 

Fig. 8 (B) top is a plot of absorbance changes at 820 nm at various times after photoexcitation by the 
500/5 laser pulse. A computer fit of the data points yields a monophasic, exponential increase with a 
risetime of3.0±0.6p5 for the [P680*O] [P680'»O'] reaction. The same kinetics are found over the 

entire 750-850 nm region. 

When the absorbance-change transient was measured at 674 nm, it was possible to resolve the step prior 
to P680 photooxidation, namely, the formation ofthe excited singlet state in P680->'P680* with an esti- 
mated risetime of 0.5±0.4 ps (not shown). This portion of the transient is followed by a bleaching in 
3.3±0.4 ps, which represents the[P680*d)] — > [P680^*O J reaction, as this risetime is also consistent with 
the 3-ps risetime observed for the absorbance changes at 820 nm as well as at other relevant wavelengths. 

When Ois pre-reduced, photoexcitation ofthe PS-II reaction center again causes a bleaching near 680 
nm but no absorbance increase in the 600 nm region. This is consistent with the notion that no charge 
separation occurs when O is chemically pre-reduced to O'. The red band bleaching under this condition is 
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Fig. 8. (A) Transient absorption-change spectrum of PS-II reaction-centers 10 ps after excitation with a 500-fs, 610-nm flash. (B) 
Kinetics of transient absorbance changes at 820 and 674 nm from PS-II reaction centers after excitation with 500-fs, 610-nm 
flashes. Figures ource: Wasielewski, Johnson, Seibert and Govindjee(1989) Determination of the primary charge separation rate in 
isolated photosystem II reaction centers with 500-fs time resolution, Proc Nat Acad Sci, USA 86: 525-526. 

attributable to the formation of 'P680*only and very unlikely, onspectral grounds, duetoadditionalreduc- 
tion of a possible Chl-type electron acceptor located prior to O. Without being present in the appropriate 
oxidation state to allow charge separation, the excited singlet 'P680* decays in nanoseconds. 

Wasielewski, Johnson, Govindjee, Preston and Seibert^^ also measured the primary charge separation 
and its kinetics at cryogenic temperatures (15 K) in the same “stabilized” Dl/D2/Cyt b559 preparation 
and with same time resolution as described above. Essentially the same major bleaching in the 670-680 nm 
region and abroad absorbance increase above 750 nm were again observed. A notable difference was that 
the monophasic exponential increase in absorption at 820 nm as well as other wavelengths between 750 to 
850 nm, which represents the ['P680**®] [P680*^»O~] reaction, has a shorter risetime of 1.4±0.2p5 (vs. 

3.0i:0.6ps at room temperature). Similarly, the absorbance change measured at 682 nm showed biphasic 
kinetics representing the formation of 'P680*, witha P/j of0.5±0.4p5 as before but with ty^ of I.4±0.2 ps 
for the reaction ['P680**C>] — > [P680^*<t>"].Thus, the results of Wasielewski et on primary charge 

separation in photosystem II up to this point may be summarized as follows: 

hv 

[P680‘(h] ['P680**ch] -y [P680^*0)-] 

^Q.Sps \.4-'i.0ps 

Note that the 3-ps charge separation time is nearly the same as that found in the purple bacterial reaction 
centers (see Chapter 7) and also consistent with predictions from picosecond fluorescence measurements^"^ 
as well as results from low-temperature hole-burning experiments^^. However, starting from 1992, a series 
of studies, mostly from the Imperial College of London group^^, and from others^^, support a 21 time 
for the charge separation, while other studies support the 3-ps time^°’^^’^^"^°. An active debate resulted and 
has continued to this day. 
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Most recently, Greenfield, Seibert and Wasielewski^® reexamined this problem with the isolated PS -II 
reaction centers at the Q^-band ofpheophytin by femtosecond absorption spectroscopy using <200-/v 
pulse of 6 nm bandwidth, at 7 K. Investigation of the energy-transfer and charge-separation kinetics at 
cryogenic temperature allows a direct measurement of the intrinsic rate constant for charge separation. 
Since the uphill energy transfer would become inaccessible at these temperatures, the complication in 
interpreting the kinetics obtained near room temperature would be avoided. The PS-II RC core, as is 
known, consists of as many as 8 chlorins, 4 core Chls a, 2 Os and 2 additional Chl-a molecules peripheral 
to the core and referred to as peripheral Chls. Such a “multimer” structure results in a spectral congestion, 
namely, a severe spectral overlap, in the Qy-band region of the complex, making a correlation of the 
spectroscopic changes to specific pigments difficult. 

Greenfield etal.^^ used low-energy (-100 nJ) pulses at 661 and 683 nm to preferentially excite the short- 
and long-wavelength sides of the composite Qyband (of all eight chlorin pigments). Excitation at 683 nm 
preferentially excites P680 and the activepheophy tin (O^) while pulses at 66 1 nm preferentially excite the 
inactive pheophy tin (Oq) and the accessory pigment pool. The transient kinetics was measured in the Q^- 
band at 543.5 and 558.5 nm, representing the peak and shoulder ofthe <t> absorption band. Excitation of 
the red pool should then reveal the intrinsic charge-separation rate constant, while excitation ofthe blue 
pool should result in kinetics that are retarded by any energy transfer steps between the pigment pools. 

Transient absorption spectra ofthe PS-II RC complex at 0.5 ps to 2 ns following a 683- or 661 -nm pulse 
are shown in Eig. 9 (A) and (B), respectively. After 683- and 661 -nm excitation, the Q^-band of peaked 
at 543-544 nm and a broader bleach ofthe Chi Q^-band was centered around -584 nm. After both excita- 
tions, the final transient absorption spectra at 2 ns are nearly identical. The instantaneous amplitude ofthe 
bleach of the Q^-band with 682-nm excitation, i.e., during the excitation pulse, is approximately 2/3 

(66%) ofthe final amplitude. The early transients generated by 661 -nm excitation show a much shallower 
(38%) bleach of the d>A Qx'band, as at 661 nm negligible direct excitation of P680 is expected. The 661- 
nm pulse excites the peripheral Chls, and energy transfer from the peripheral Chls to the reaction-center 
core, with an estimated time ofroughtly 21 ps. 




Fig. 9. T ransient absorption spectra of isolated PS-1 1 reaction-center complex at 7 K recorded at various time delays between 0.5 ps and 
2.0 ns after a 100-nJ, 683-nm (A) or 661 -r)m (B) excitation pulse. Monitoring wavelengths 543.5 and 558.5 nm used for the bleach- 
growth analysis (not shown) are marked with thin, dashed lines. Figure source: Greenfield, Seibert and Wasielewski (1999) Time- 
resolved absorption changes ofthe pheophytin Q* band in isolated photosystem II reaction centers at 7 K\ Energy transfer and charge 
separation. J Phys Chem 103: 8364-8374. 

To conclude this section, we will look at the electron-transfer rate from (p~ to obtained by a direct 
measurement of the rate of reduction of (by O ). As seen in Pig. 7 (C) above, the halftime for reduction 
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of Qa by in open PS II reaction centers was estimated indirectly from the decay kinetics of absorbance 
change of O' to be -250 ps. Since the DI/D2/Cyt b559 complex no longer contains as a resnlt of loss 
dnring the isolation process, no electron-transfer time from O to rednction can be measnred with this 
complex. Using a PS-II preparation containingQ^, however, Bernarding, Eckert, Eichler, Napiwotzki and 
Renger^' were able to carry out a direct measurement for reductionby O . The kinetics were measured 
from an absorbance increase at 325 nm and an absorbance decrease at 280 nm, both of which are directly 
associated with Q/^ rednction. 

Eig. 10 (A) shows the 12 «5-minns-10 ps, difference spectrnm in the nltraviolet region for the 
[P680‘«<I) > [P680^*(1 >J*Qa or O •Qa->^**Qa reaction. The wavelengths at which the 

reaction kinetics were measured for the onset of rednction are marked in the fignre. The onset kinetics 
determined from the amplitndes of absorbance changes at varions times for three selected wavelengths are 
shown in Fig. 10 (B). At both 325 and 280 nm, a risetime of 300±100p5 was obtained, in good agreement 
with the decay time ofO in PS II particles in which Qa was originally in the oxidized state [Fig. 7 (C)]. 



(A) 

[P680"O']Qa — [P680^-O]Qa’ 





0 0.5 1.0 ns 



Fig. 10. (A) Difference spectrum of the Q;, > Q*' reaction. (B) Flash-induced absorbance changes at 325, 292 and 280 nm in PS-11 
membrane fragments. Figure source: (A)G Renger, H-J Eckert, A Bergmann. J Bernarding, B Liu, A Napiwotzki, F Reifarthand HJ 
Eichler (1995) Fluorescence and spectroscopic studies ofexciton trapping and electron transfer in photosystem II of higher plants 
Aust J Plant Physiol 22; 171 ; (B) Bernarding, Eckert, Eichler, Napiwotzki and Renger (1994) Kinetic studies on the stabilization of the 
primary radical pair P680* and Pheo~ in different photosystem II preparations from higher plants. Photochem Photobiol 59: 570. 

It is of interest to note that the electron-transfer time from (p to was indirectly estimated to be a few 
hnndred picoseconds by Shnvalov et. al.^ in 1980 and by Karnkstis and Saner^^ in 1983. Shnvalov et. al.^ 
reasoned that since the amplitude of AA and delayed flnorescence (lifetime 4 ns) dne to the [P680^*O ] was 
decreased by a factor of at least 10 when Qa is present in the oxidized state, the electron-transfer time from 
[P680'*O ] to Qa wonld be expected to be < 0.4 ns. 
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As photosynthesis in higher plants provides us food and oxygen for our sustenance, its importance can 
hardly be overemphasized. More than 200 years ago, Joseph Priestley* first described oxygen evolution 
in plants as a photosynthetic process. We now know that it is a complex process taking place within 
photosystem II at the lumenal surface of the thylakoid membrane (see Fig. I, left), where water mole- 
cules are oxidized, or, perhaps more accurately, “split,” to release elemental oxygen: 

2 H 2 O + [S,] -> Ozt + [So] + 4H" eq. ( 1 ) 

where S 4 is the oxidized form of a Mn complex carrying four positive charges (see Section I. A.), created 
after four light reactions; this reaction generates electrons that are involved in reducing the oxidized Mn 
complex and also protons needed for subsequent reactions. 




Fig. 1. Left: Model for the thylakoid membrane consisting of the four major complexes: PS-ll, Cyt b^f, PS-I and ATP synthase. 
Right: A more detailed view of the PS-ll complex, where the components more intimately involved in oxygen are marked off by a 
dashed line. 
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In photosynthesis the energy of an absorbed photon initiates charge separation forming the strongly 
oxidizing P680^ and reduced pheophytin O' (see Fig. 1, right). P680' extracts an electron from the 
secondary donor Z (or “Y/”) in the “oxygen-evolution complex” (OEC), producing oxidized Z"’ (details 
of the secondary donor Z will be discussed in Chapter 22). The oxidized then extracts an electron in 
turn from water via a manganese intermediate. Since the release of one molecule of oxygen requires the 
accumulation of four positive charges, four charge-separation processes must take place, each promoted 
by the absorption a photon of energy. Fig 1, right, also shows the various photosystem-II components 
involved in the oxygen-evolution process and prescribes the scope ofthe subject matter to be discussed. 

It was suggested nearly 60 years ago, when the question was raised as to the source of oxygen pro- 
duced by photosynthesis, that it comes from water used rather than CO 2 . This idea was confirmed by 
Ruben, Randall, Kamen and Hyde^ from mass-spectrometric measurements ofthe oxygen evolved using 
[-12 '*0 as the substrate. Before this, Robin Hill^ had made the important discovery that artificial electron 
acceptors such as ferricyanide, quinones, etc. can be substituted for CO 2 and thus sustain oxygen evolu- 
tion without photosynthesis. This reaction, named after Hill, has thus been a very valuable tool in at- 
tempts to isolate and understand the complex problem ofthe mechanism ofoxygen evolution. In spite of 
difficulties, important advances in the understanding ofoxygen evolution have been steadily made dur- 
ing the past 50 years and in the past decade, in particular, we have seen an acceleration of the pace of 
dramatic breakthroughs in this field. 

From the simple chemical formulation for oxygen evolution in eq. (1), it is clear that to produce one 
oxygen molecule, four electrons must be removed from two water molecules. The redox potential (£ 0 ’) 
of H 2 O/O 2 at pH 7 is 0.82 V but since the actual pH of the thylakoid lumen is ~5, the Eq of H 2 O/O 2 may 
be as high as 0.94 V. This means that the Eq of each ofthe four “oxidizing equivalents” that extract the 
four electrons must be, on average, greater than 1 V in order to oxidize H 2 O. As seen previously in 
Chapter 15, the P680/P680" couple has been estimated to have a rather possitive midpoint potential, at 
least 1.12V, quite sufficient to generate the necessary oxidizing equivalents. Since each photochemical 
step is expected to transfer only one electron, the release of one oxygen molecule would depend on the 
cooperation of four oxidizing equivalents produced in four successive photochemical steps. Oxygen 
evolution is thus considered to be regulated by a so-called “four-electron gate,” or a “four positive 
charge accumulator.” 

In this chapter, we will address some basic chemical and physical aspects ofthe evolution ofoxygen 
from water and some currently known facts regarding oxygen evolution in photosynthesis. We will first 
discuss the kinetics ofoxygen evolution with regard to the various components involved, and in particu- 
lar the chemical and physical properties of the electron carriers present on the oxidizing side of photo- 
system II. This will be followed by a discussion ofthe chemical conditions that promote oxygen evolu- 
tion and the chemical compounds that inhibit oxygen evolution. Later we will also discuss phenomena 
that accompany oxygen evolution, such as chlorophyll fluorescence emission, delayed light emission, 
thermoluminescence and absorption-spectrum changes. 

One ofthe most important problems concerning oxygen evolution has been our limited understanding 
of the function of manganese. Many important advances have been made in recent years, due in large 
part to the ability to isolate various suborganelle fragments from higher plants and cyanobacteria, as well 
as even simpler protein complexes containing a PS-H reaction-center core that still retains a high degree 
of oxygen-evolving activity, and now a crystalline PS-II core complex (see below). 

I. Kinetics of Oxygen Evoiution 

A useful way to investigate oxygen evolution is to activate a photosynthetic organelle with short, 
intense light flashes and measure the amount of oxygen evolved. When the flash is sufficiently intense 
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and brief, say, < 1 /Js, virtually every reaction center will turn over just once, and the experimental 
results will be more amenable to analysis. In some of the earlier work, difficulties in interpreting the 
results arose largely from the lack of availability of flashes with sufficiently short duration or with 
sufficient intensity. Back in 1955, Allen and Frank"* found that no oxygen was released when the dark- 
adapted green alga Scenedesmus was illuminated with a single 0.5 ms flash. However, oxygen evolution 
could be detected if the sample was given one pre-flash, or provided with a weak background light 
before the first flash was applied. Oxygen evolution could also be detected by using a longer flash of 25 
ms. These results taken together seemed to indicate that an oxygen precursor, or a “primer,” was formed 
by the pre-flash, by the background light, or by an early portion of the long flash. 
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Fig. 2. Oxygen yield per flash as a function of flash numtJer in dark-adapted spinach thylakoids: (A) the actual experimental 
results; (B) theoretical pattern assuming cooperativity among the oxygen-evolving centers; and (C) simple theoretical pattern 
assuming non-cooperativity and sequential charge accumulation in individual oxygen-evolving centers. (D) illustrates the S-state 
transition cycle in an oxygen-evolving center coupled to light-induced primary charge separations in photosystem II. Figure 
source: Data in (A) Forbush, Kok and McGloin (1971) Cooperation of charges in photosynthetic Oievoiution-ii. Damping of fiash 
yield oscillation, deactivation. Photochem Photobiol 14: 309; (B) and (C) adapted from Renger (1983) Photosynthesis. In: W 
Hoppe, W Lohmann, H MarkI and H Ziegler (eds) Biophysics, p 532. Springer. (D) adapted from Akerlund (1993) Function and 
organization of photosystem il. In; O Sundqvist and M Ryberg (eds) Pigment Protein Complexes in Plastids: Synthesis and 
Assembly, p 421. Acad Press. 
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In 1969, Joliot, Barbieri and Chabaud^ designed and built a rapid-response polarograph with high 
sensitivity to measure the minute amount of oxygen produced by the illumination of dark adapted algae 
or chloroplasts with short, saturating flashes. The flash had a duration of only a few microseconds, and 
the interval between flashes was set at 0.3 second. As shown in Fig. 2 (A), no oxygen was produced in 
the first flash; a little oxygen by the second, but a burst of oxygen occurred with the third. Thereafter, the 
flashes produced an oscillating pattern in the oxygen yield with a periodicity of four, with a maximum in 
the yield occurring on every fourth flash thereafter; i.e., on the 7th, 11th, etc. At the same time, the 
oscillation is gradually damped, with each flash eventually producing the same average yield. This 
remarkable oxygen-evolution pattern plotted as a function of flash number stimulated many workers to 
peek into the inner workings of the chemical machinery for oxygen evolution in green plants. 

To explain this phenomenon, it must be recognized from the outset that, from the chemical point of 
view, splitting of two water molecules to produce one oxygen molecule requires the removal of four 
electrons. If each PS -II reaction center takes up one electron upon the absorption of a photon in each 
brief flash, the question then becomes: How does the water-splitting system manage to accumulate the 
four oxidizing equivalents needed by the two water molecules for the formation of one oxygen mole- 
cule? One possibility is that each of four separate oxygen-evolving centers acquires one positively- 
charged oxidizing equivalent, and the four of them act in concert to form an oxygen molecule. This 
seems rather unlikely, because if the oxidizing equivalents from different reaction centers could interact, 
then each flash (including the first one) would produce some oxygen, as indicated in Fig. 2 (B), although 
at a relatively low yield and the oxygen-yield plot would also not display the periodic pattern as seen in 
Fig. 2 (A). 

/. A. The Kok-Joliot Model for Photosynthetic Oxygen Evolution Cycle of S-states 

In 1970, Kok and colleagues^’ ’ proposed an explanation for the observed oscillation of the oxygen- 
yield pattern. (The readers should consult R5 and R6 for an interesting historical account and also an 
alternative model proposed by Mar and Govindjee*.) Kok’s hypothesis is that a succession of oxidizing 
equivalents is stored on each separate and independent oxygen-evolving center, and when four oxidizing 
equivalents have been accumulated, step by step, by a reaction center, an oxygen molecule is spontane- 
ously evolved, after which another cycle will start. This concept is illustrated in Fig. 2 (C). In this 
scheme, the first three flashes would not be expected to produce any oxygen, assuming that all reaction 
centers are initially fully reduced, but an oxygen burst would occur on the fourth flash; subsequent 
flashing would then produce oxygen evolution on the 8th and 12th flash, etc. 

The reaction scheme is illustrated in Fig. 2 (D). Each oxygen-evolving center is said to be present in an 
“S-state” (one may think of “S” as referring to a storage device for the oxidizing equivalents or positive 
charges), with the subscript indicating the number of accumulated oxidizing equivalents or positive 
charges. Each brief flash produces the charge-separated state [P680*^»O ] in the PS-II reaction center and 
P680' then extracts an electron from the secondary electron donor Z present on the oxidizing side of PS 
II. The resulting Z* in turn extracts an electron from the OEC originally in, say, the state S„, forming S^+i 
where S„,| represents one more oxidizing equivalent or positive charge acquired by Sn). On 
the reducing side of PS II, the reducing equivalent or negative charge is transferred to the secondary 
electron acceptor Q and then to more distant acceptors. Thus, with each flash, an OEC in the state S„ 
transmits an electron to P680" and is turned into the Sn+] state. When the final, unstable S 4 -state is 
reached, one oxygen molecule is rapidly released and the S4-state reverts back to the So-state. Thus, 
during one complete cycle, four photons are absorbed to initiate four photochemical events resulting in 
four electrons being extracted from two water molecules, one oxygen molecule being evolved, and four 
protons being released, as shown by eq. (1). 
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According to Kok’s hypothesis, the reaction center undergoes a series of redox transitions, each 
promoted by the absorption of a photon: So-»S|-^S 2 ->S 3 -> (S 4 )->So->S|, etc. [see Fig. 2 (D)]. The 
cycle with a periodicity of four predicted by the model is consistent with the experimental results in Fig. 
2 (A) and with the need for accumulating four positive charges. If it is assumed that all reaction centers 
in a dark-adapted sample are in the So-state, there is an apparent discrepancy between the model and the 
results in Fig. 2 (A), when the first maximum occurs with the third flash rather than the fourth, as shown 
in Fig. 2 (C). The simplest explanation for the discrepancy is that in the course of an extended period of 
illumination, as illustrated in Table 1, the So, S|, S 2 and So-states become equally populated (0.25 : 0.25 
: 0.25 : 0.25) but in the dark period following illumination the Sj- and Srstates decay to the Si-state to 
give a dark-adapted population of (0.25, 0.75, 0, 0). Note that in Table 1 the third flash converts the 
reaction centers in the S3*state to advance to theunstable S4-state, which spontaneously reverts to the So- 
state with the release of oxygen. 

Table 1. Distribution (%) of S-state populations during sequential flashings 



Flashing mode 


So 


s, 


82 


83^80 


(Extended) illumination 


25 


25 


25 


25 


Dark adapted 


25 


75 


0 


0 


After the 1st (lash 


0 


25 


75 


0 


After the 2nd flash 


0 


0 


25 


75 


After the 3rd (lash 


75 


0 


0 


25 


After the 4th flash 


25 


75 


0 


0 



To recapitulate, after dark adaptation the first flash advances the 25% in the So-state to the Sj-state and 
the 75% in the Spstate to the S2-state. The second flash then advances the 25% now in the Spsate to the 

5 2 - state and the 75 % in the S 2 -state to the S 3 -state. The third flash advances the 25% in the S 2 -state to the 

5 3 - state and the 75% in the S 3 -state to the transient S 4 -state. The S 4 -state spontaneously releases an 
oxygen molecule and itself reverts to the So-state. 

The absence of cooperativity between the oxygen-evolving centers was demonstrated by Kok et alJ 
with chloroplasts partially inhibited either by the addition of DCMU, by UV irradiation, or through 
manganese deficiency. In chloroplasts treated with a limited amount of DCMU, preillumination with 
continuous light converts a large fraction of the PS -II reaction centers into the non-oxygen-evolving 
[P680-QJ state. With a large portion of the PS-II reaction centers inactivated in this way, the periodic 
flash-yield pattern by the first five flashes given after 10 minutes of dark adaptation showed a propor- 
tionate loss (~90 %) in the amplitude of the oxygen yield but there was no significant alteration of the 
periodic flash-yield pattern that is seen in untreated chloroplasts. These results suggest that the oxygen- 
evolving reaction centers are independent charge-accumulating centers. This concept of noncooperativity 
among the oxygen-evolving centers is the basic tenet of the Kok-Joliot model. 

The damping of the oscillation in the oxygen-yield pattern is most likely due to the S-states gradually 
getting out of step as a result of the occurrence of irregular transitions. Kok suggested that for each flash 
there is a small probability, a, that any given reaction center will miss a photochemical transition and 
also a small probability, P, that it will undergo two such transitions. A “miss,” maintains the status quo 
of a reaction center while a “double hit” advances its S-state two steps, i.e., Sp— >Sn+ 2 . The damping of the 
oscillation seen in Fig. 2 (A), for example, can be accounted for by assuming that a is 0.10 and p is 0.05. 

True “misses” appear to have a biological origin, unrelated to the experimental conditions, since a is 
never truly zero, even as the flash intensity is increased well above a saturating level. A “miss” will 
occur when the separated charges [P680N(I)’] recombine before Z can be oxidized. It is also possible. 





328 



particularly if no artificial electron acceptor is present in the chloroplasts, for repeated flashing to lead to 
the accumulation ofQ , which may then lead to a greater prohahility or rate for the hack reaction. It is 
generally thought that a is virtually the same for all four transitions. In chloroplasts, a is typically about 
0.10, and about 0.20 in whole cells of algae, such as Chlorella. 

The p factor is more likely related to experimental conditions, chiefly the flash duration. If the flash 
duration and the dark decay time are nearly the same, part of the oxygen-evolving centers may not have 
decayed, then that part could receive a second photon and advances one more step. This in fact explains 
the small amount of oxygen detected after the second flash in Fig. 2 (A), as some reaction centers 
apparently undergo double hits. Usually during a 10-/iv flash, 5% ofthe reaction centers undergo double 
hits. If a 2-/JS flash is used instead, a reaction center can turn over essentially only once during the flash 
period, p being estimated to be about 2% or less, and the small oxygen yield observed in Fig. 2 (A) after 
the second flash would be negligible. If the duration ofthe major portion ofthe flash is 20 ps, P could be 
as high as 0.10. In any case, the shorter the flash duration, the smaller the (3-value. In summary, the 
“misses” and “double hits” during oxygen evolution produce irregular transitions, causing the reaction 
centers to gradually get out of step and result in damping ofthe amplitude of oscillation in the oxygen- 
yield plot. 



/. B. Distribution of the S-state Popuiations 

Because ofthe stability ofthe Sq and S|-states> it is possible to “engineer” different population distri- 
butions ofthe S-states either by chemical treatment or by pre-flashing, the former capable of producing 
S-state distributions not attainable by flashes of light alone. For instance, addition of ferricyanide com- 
bined with an appropriate number of (pre-)flashes can result in a [0;1;0;0] distribution. Addition of 
Asc-i-DCIP can result in a [0.5:0.5:0:0] distribution, with an Sq/Si ratio of 1. These results indicate that 
the OECs in the SpState can be readily chemically oxidized or reduced. 

As noted earlier, the S|/So ratio in untreated chloroplast samples generally approaches a value of~3, 
i.e., [0.25;07.5;0;0] after a dark period. Vermaas, Renger and Dohnt^ found that after a very long dark 
period, Sq : S| is (1 : 0). Starting with distribution [0.25:0.75:0:0], and assuming the misses and double 
hits are negligible, i.e., a and P=0, one flash would advance it to the [0:0.25:0.75:0] state. A second dark 
equilibration period would lead to the [0: 1:0:0] state, i.e., all the oxygen-evolving centers are converted 
and synchronized to the S, -State, the S^-state population is now zero, as shown in line 4 in Table 2. Three 
additional flashes would then advance [So.'S|:S 2 :S 3 ] sequentially through the [0:0:1:0], [0:0:0:1], and 
[1:0:0:0] states, respectively, the final state having the rather unique population distribution of 100% in 
the So-state. 



Table 2. Experimentally "engineered" S-state distributions (%) 

(adapted from Clayton (1980) Photosynthesis: Physical Mechanisms and Chemical Patterns, 
p. 197. Cambridge University Press) 



S-state distribution 


O 

CO 


s, 


S2 


S3-^(S4)->So 


After continuous illumination 


25 


25 


25 


25 


alter dark adaptation 


25 


75 


0 


0 


after one flash 


0 


25 


75 


0 


alter 2nd dark adaptation 


0 


100 


0 


0 


alter another flash 


0 


0 


100 


0 


after the 2nd flash 


0 


0 


0 


100 


after the 3rd flash 


100 


0 


0 


0 
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Hydroxylamine (NH^OH) at more than millimolar concentration inhibits oxygen evolution irrevers- 
ibly, apparently by extracting manganese and releasing certain polypeptides. A micromolar concentra- 
tion of NH,OH, on the other hand, has negligible effect on the rate of steady-state oxygen evolution but 
after chloroplasts or Chlorella were pre-equilibrated with a low concentration (~ 10-50 pM) ofNH^OH 
and then washed to remove the excess, unreacted NH2OH, Bernadette Bouges*** found almost no oxygen 
evolution on the third flash. Instead, a maximum burst of oxygen evolution was observed on the fifth 
flash. Thereafter the usual periodicity of four was observed. Treating the chloroplasts with a low concen- 
tration ofNH 20 H appears to shift the S-state population backward, or retard S-state transitions, by two 
steps. It was suggested that the backward shift by two steps was caused by the reduction of some S- 
state(s) in the oxygen-evolving centers. Bouges-Bocquet" attributed this backward shift to a reduction 
of the OEC by two NH2OH molecules that are tightly bound to the oxygen-evolving centers in competi- 
tion with the H2O molecules, as washing after NH2OH treatment is not followed by the normal pattern of 
flash pattern of oxygen evolution. 

Later, Radmer and Ollinger'^, on the basis of mass-spectrometric analysis, proposed a model to ac- 
count for the unusual pattern of oxygen evolution caused by NH2OH treatment. NII2OH, which is iso- 
electronic with two molecules of water, can serve as a substrate analogue and compete or even override 
H2O oxidation without denaturing the oxygen-evolving system. NH2NH2 and H2O2 can also act as such 
substrate analogues of water, and have effects similar to NH2OH. Interestingly, nitrogen evolution is 
observed when the NH20H-treated, normally oxygen-evolving chloroplasts receive the first flash, but 
not to any significant extent thereafter (see Fig. 3 ). This result suggests that NH2OI I binds to the oxygen- 
evolving center(s) and is oxidized by a light flash, which in their model brings all reaction centers to the 
So-state, after which the expected oxygen-evolving sequence of S-states is observed. The binding of 
NH2OH to the oxygen-evolving centers is apparently strong as it occurs at only ~IO -20 pM NH2OH in 
the presence of an overwhelming 55 M H2O. The reaction sequence occurring in the presence of NH2OII 
is summarized schematically in Fig. 3 . 




Fig. 3. The Radmer-Ollinger model for the interaction of hydroxylamine (NH 2 OH) with the oxygen-evolving centers of 

chloroDlasts. See text for discussion. 

(a) One NH2OH molecule coordinates to the S/-state in the dark and reduces it to the So-state, 
producing a hydroxylamine radical, NH20H^: 



S| + NH2OH -» So + NH2OH* (a dark reaction), 
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(b) Another NH 2 OH molecule binds tightly to the So-state but does not otherwise react with it in tbe 
dark. Upon applying a flash of light {h k,), bound NH 2 OH is oxidized to a radical species: 

/JV| 

So + NH 2 OH So*[NH20H] So + NHjOH* 

(c) Reaction of the two radical species following the first flash accounts for the observed release of N 2 : 
2 NH 2 OI r ^ Nj I- 2 H 2 O + 2 

The oxygen-evolving centers after incubation in the presence of a low concentration of NH^OH are 
thus brought to the So-statesby one flash, with a maximum in oxygen evolution occurring on every 
fourth flash thereafter. The periodicity of four is maintained because the reaction of NH 2 OH is not rapid 
enough compared to the flash rate to affect the normal S-state advancement. 

Forster and Junge*^, on the basis of the measured proton-release pattern (see Section 11 below), sug- 
gested a different model. In this model two hydroxylamine molecules bind cooperatively to the OEC 
only in the Si-state.^ and a redox reaction with N1 l20H occurs only after the first flash, as shown in Fig. 
4. As noted, in this model only the S, -state forms a stable complex withNH20H. 




Fig. 4. The FOrster-Junge model for the interaction of hydroxylamine (NH 2 OH) with the oxygen-evolving center of chloroplasts. 

Other models for hydroxylamine action on chloroplasts have also been proposed. In the model sug- 
gested by Saygin and Witt''*, retardation of S-state by two-steps is caused by a two-electron dark reduc- 
tion of the S]-state by NH 2 OH via the So-state to the so-called “S_]-state.” We will return to this model 
later in Chapter 20, Section 11. It was found by Brudvig and Beck*^ that the^l .98,multiline EPR signal 
representing the S 2 -state appears in the NH 20 H-treated chloroplast only after the third flash and thus 
they also concluded thatNH20H reduces the S|-stateto the S.pStatc inthe dark. 

/. C. Deactivation of the S^- andS^-states 

As noted earlier, the So* and Spstates are stable in the absence of any chemical intervention, whereas 
the S 2 - and S 3 *states are not.The disappearance of S 2 -and S 3 -states in the dark is referred to as “deacti- 
vation.” Samples for the study of the kinetics of the deactivation of the OEC in either a pureS 2 - oi" 53- 
state can be obtained by the protocols indicated earlier in Table 2. Deactivation times were much shorter 
in the whole cells of Chlorella, reflecting a more reducing environment in these cells; not surprisingly, 
the /i/, of the S 2 -statc is four times greater than than that of the S 3 -state. 
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Deactivation of the 82- and S^-states involves the loss of oxidizing equivalents to an exogenous reduc- 
tant and/or to endogenous redox components such as Q~. Renger'^ found certain chemical compounds, 
such as substituted thiophenes, CCCP (carhonylcyanide m-chlorophenylhydrazone), FCCP, etc., at a 
concentration of 10"^ to 10“* M can greatly accelerate the decay of the S2- and S3-states. For instance, 
CCCP can accelerate the decay of the 82- and 83-states 100-fold. Renger named these compounds the 
“ADRY”-agents, where “ADRY” stands for “acceleration of the deactivation reaction of the water- 
splitting enzyme (Y).” The acceleration of deactivation in chloroplasts hy ANT 2a [2-(4-chloro)anilino- 
3,5-dinitrothiophene] is shown in Fig. 5. Repetitive flashes with a given dark interval between flashes 
are applied and the average oxygen yield per flash in a train of flashes is then plotted against the dark 
interval between flashes. In the absence of the ADRY -agent, the average oxygen yield per flash gradu- 
ally decreases as the dark interval (tj) between flashes is increased, a consequence of natural mecha- 
nisms of deactivation. When is long, the 83-state has a greater opportunity to undergo decay, and since 
the S3-state is a precursor for oxygen evolution, the average oxygen yield is low. However, in the pres- 
ence of 2 pM ANT 2a, the oxygen-yield curve drops precipitously, indicating a dramatic acceleration of 
the decay. Renger proposed that the function of an ADRY agent probably involves the operation of a 
cycle within the electron-transport chain of the chloroplast where an electron donor other than is the 
immediate electron donor to the 82- and S3-states. To be effective the pK-value of the imino-group of an 
ADRY agent must be < 6.0, suggesting an important functional role for its acidic NH-group. ADRY- 
agents can apparently overcome some kind of barrier to allow access by exogenous or endogenous 
electron donors to the OEC in the highly oxidizing 83- and S3-states. ADRY-agents provide a useful 
class of compounds to help characterize or to modify the oxidizing equivalents responsible for the oxida- 
tion of water. 




Fig. 5. Relative average oxygen yield per flash [(p(W) in chloroplasts as a function of ta betw/een flashes, in the absence and 
presence of ANT 2a [2-(4-chloro)anilino-3,5-dinitrolhiophene]. Figure source: Renger (1 972) The action of 2-anilinothiophene as 
accelerators of the deactivation reactions in the water-splitting enzyme system of photosynthesis. Biochim Biophys Acta 256: 
433. 



II. Proton Release accompanying S-state Transitions 

The release of the four protons accompanying the oxidation of two molecules of water to evolve one 
molecule of oxygen, as shown in eq. (1) above, can, in principle, occur in either of two ways: either 
stepwise, proton by proton, during the accumulation of the four oxidizing equivalents or in concert with 
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the release of one oxygen molecule during the S 3 — >(S 4 )->Sq step. In the past, the controversy regarding 
the pattern of proton-release during the four steps of the S-cycle was focused on three patterns, namely, 
[ 1,1, 1,1 ], [0,1, 1,2], and [ l,0,l,2j. Mainly through the work of Fowler*^, Saphon and Crofts^* and Forster 
and Junge*^, it hecame widely accepted that in thoroughly dark-adapted chloroplasts, the [1,0,1,2] pat- 
tern was consistently observed. 

The pH change resulting from proton release due to water splitting hy chloroplasts may he measured 
with a glass electrode. Note, however, that the pH-electrode as well as some pH-indicating dyes such as 
cresol red, are unahle to respond to pH changes inside the thylakoids. Like cresol red, the pH-indicating 
dye neutral red also produces ahsorption-spectrum changes in response to pH changes hut it can pen- 
etrate to the interior of the thylakoid and can thus respond to the internal pH changes of the thylakoids. 
The pK value of neutral red ( 6 . 8 ) and its high solubility in the lipid phase, with a lipid/aqueous phase 
partition coefficient of 3X10^, make it suitable for measuring the pH change occurring in the interior 
space of thylakoids. Monitoring the absorbance changes of an indicating dye thus provides a sensitive 
and rapid method for measuring proton release during oxygen evolution and an accurate measurement of 
both the stoichiometry and kinetics of the proton-release processes. 

The measurement of internal pH changes using lunge’s experimental setup and protocol^^ is illus- 
trated in Fig. 6 (A). A large quantity of chloroplast sample (at~20 pM Chi) is prepared to provide fresh 
and uniform samples to be used over many four-flash cycles. Dark-adapted sample stored in a covered 
reservoir and connected to an automatic sample changer is transferred to the measuring cuvette by a 
peristaltic pump. Absorption changes AA of neutral red were measured at 548 nm by calculating from 
the transmittance intensity (I) and the change in transmittance (AI) using the expression (-AI/I)/2.303. 
Before each actinic flash, the sample was exposed to the measuring beam for only 35 ms, to minimize 
any bleaching effect of the measuring beam on the sample. 

As shown in Fig. 6 (A), each flashing experiment begins with opening of the shutter to let the measur- 
ing beam pass through the sample and the photomultiplier and amplifier to become stabilized. Ten 
milliseconds after opening the shutter, the “sample-and-hold” amplifier is activated to store the values of 
I, and recording begins one ms thereafter. Four ms after the beginning of recording, a 40-ns, 694-nm 
Q-switched ruby-laser pulse with a saturating energy is fired at the sample cuvette and the light-induced 
absorbance change is recorded as -AI/I. After a recording time of 24 ms has elapsed, the shutter is closed. 
Three seconds after the first flash, a second flash is fired for the second measuring cycle, until four 
measuring cycles are completed. The used sample is replaced with a fresh sample, and a second four- 
flash cycle is repeated. Because the measured absorbance change is small, the final signal is usually the 
result of signals averaged from 50-100 fresh samples, at a time resolution of 200 /rs. A typical absor- 
bance change produced by the indicator-dye neutral red in response to a flash-induced pH change in the 
chloroplast sample is shown in the lower part of Fig. 6 (A). 

Fig. 6 (B) shows a recording ofneutral-red absorbance changes in chloroplasts, with the initial popu- 
lation present in the SpState, in response to a flash train. The chloroplasts also contained the inhibitor 
DNP-INT (dinitrorphenolether of iodonitrotoluol) to suppress plastohydroquinone oxidation and the at- 
tendant proton release. The recording is obtained by averaging the responses of 100 fresh chloroplast 
samples. With a 200-/u-per-channel time resolution, the rapid rise is only partially resolved. A plot of 
the relative yield ofthe released protons in Fig. 6 (B) actually shows a proton-release pattern of [0,1,2,1 ] 
for the transition sequence [S|->S 2 ->S 3 ->(S 4 )->So->Si]. Since the initial, dark-adapted state was 100% 
in the S| state,, the proton release pattern in the [So^S|->S 2 ->S 3 ->(S 4 )->So] transition is thus [ 1 , 0 , 1 , 2 ]. 

We now return to the earlier discussion in Fig. 4 and Section I.B. regarding the interpretation of 
Forster and Junge’^ on the effect of NH 20 Hon S-state advancement based on proton release data. Fig. 7 
shows absorbance changes of neutral red in response to proton release in chloroplasts in the absence and 
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Fig. 6. (A) Experimental procedure for determining flash-induced proton release by spectrophotometric assay using a pH-indicat- 
ing dye. (B) Pattern of absorbance changes representing proton release; inset shows relative proton yield per flash as a function 
of flash number (see text). Figure source: (A) Forster, Hong and Junge (1981) Electron transfer and proton pumping under 
excitation of dark-adapted chloroplasts with flashes of light. Biochim Biophys Acta 638: p 143; (B)W Junge and V FOrster (1984) 
Photosynthetic water oxidation by green plants: on the role of photons. Commission of the European Communities Report-EUR- 
9331-EN, p41. 

in the presence of 30 pM NH 2 OH at pH 7.4. As mentioned above, in the presence of hydroxyl amine, 
maximum oxygen evolution occurs on the fifth flash, i.e., the S-state advancement is shifted backward 
by two steps. In the absence of NH 2 OH, the normal pattern in the upper trace in the left panel of Fig. 7 
shows a proton release pattern of [0, 1,2,1], considering that the first flash initially activates primarily the 
S|-state [cf. Fig. 6 (B)]. In the presence of NH 2 OH, the proton release pattern becomes [2,1,0,1,2] during 
the flash sequence. These results are thus consistent with the model shown in Fig. 4 above. The sequence 
of reactions (see Fig. 4) can therefore be written as: 

S, + 2 NHjOH -> S,*[NHjOH ]2 and SplNHzOHjj So + Nj + 2 HjO + 2 H" 

After the initial establishment of the proton release pattern in oxygen evolution, it became known that 
the stoichiometry is often nonintegral and it also depends on the type of thylakoid samples and the pH 
(See review by Lavergne and Junge^°.) Renger^* first proposed in 1987 that a portion of the protons re- 
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Fig. 7. (A) Flash-induced absorption-change pattern of neutral red in dark-adapted thylakoids in the absence and in the presence 
of hydroxylamine. (B) relative yield of proton release (measured by the magnitude of 4-ms rise component of AA) in thylakoids in 
the presence of hydroxylamine: solid dots, experimental values derived from (A); open circles for calculated values. See text for 
discussion. Figure source: FOrster and Junge (1985) Interaction of hydroxylamine with the water-oxidizing enzyme investigated 
via proton release. Photochem Photobiol 41: 192 

leased might have dissociated from certain peripheral amino-acid residues due to pK shifts resulting 
from electrostatic interaction with the positive charge on the oxygen-evolving complex (OEC). 

On account of the above-mentioned dependence on experimental materials, Schlodder and Witt^^ 
recently used a crystallizable PS-II core complex prepared from cyanobacteria23 and also active in oxy- 
gen evolution (see Chapter 11, Section III.C.) and measured proton release directly with a sensitive glass 
electrode. The rationale for using the material and method is that the crystallizable PS-Il core complex 
should have negligible unfolded or other defective domains in the protein matrix, and the use of light- 
insensitive glass electrode avoids possible complications associated with using pH-indicating dyes in a 
suspension of thylakoid complexes and possible problems connected with dye partition in the aqueous 
and hydrophobic phases. 

The pattern of proton release measured at several pHs for the So->S|->S 2 ->’S 3 ->(S 4 )— >Sq transitions 
are: 1. 0:0.0: 1.0 : 2.0 at pH 7.0 or 7.2, 1.0 : 0.2 : 1.0: 1.8 at pH 6.0 and 1 .0:0.8: 1.0 : 1.2 at pH 5.5. The 
proton release pattern at pH 5.5 may be attributable to a superposition of the intrinsic release and that due 
to protonation and deprotonation of an amino-acid group (with an apparent pK»5.7) induced by electro- 
static interaction with the net charge on an S-state of the OEC. At pH=7, on the other hand, the amino- 
acid residue is practically deprotonated and cannot contribute to further proton release into the medium. 
It is also noted that during the So-»S|->S 2 ->S 3 ^(S 4 )->Sotransitions, the oscillation of charges, i.e., the 
difference between electron abstraction and H"^ release during the transition cycle is 0 : 0 : 1 : 1. Conse- 
quently, based on the evaluation of the proton-release stoichiometry, possible water derivatives partici- 
pating in the various S-states may also be obtained and these are included in the model in Eig. 8 for the 
period-of-four oscillation of manganese oxidation and proton release. 

The period-of-four model of manganese oxidation is driven by four photons passing through four 
charge- separation steps, each creating P 680 ’^ and 0 ^ . The oxygen-evolving complex undergoes four 
increased oxidation ofthe S-states So->S|-^S 2 ->S 3 ->(S 4 )-»So before oxygen evolution takes place dur- 
ing the S3— >(84)^80 transition. In this model, only a manganese dimer was considered to be functional, 
and water products coordinated to the manganese are as indicated. The mixed valence state of the man- 
ganese dimer in the So and S 2 are consistent with the multiline EPR signal observed for these states. An 
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electron is abstracted from each oxidized state by tyrosine Yz. The resulting charged state, i.e., the net 
difference resulting from electron abstraction and H' release, is represented by “©” on the S-states. Four 
tyrosines extract electrons from the Sq, Sj, S 2 and S 3 states. In this model, the immediate electron donor 
(i.e., Yz)to P680^ has been proposed to represent the fourth oxidant, i.e., S 3 »Yz°’‘sS 4 Saygin and WitF"^ 
have previously proposed that the electrostatic field of Yz“’‘ is the actual promoter for transferring two 
electrons from the two oxo-atoms to the active Mn'*'^ ions forming the peroxo Mn^^-O-O-Mn^^ 
intermediate. In a further two-electron oxidation, oxygen evolution follows in milliseconds, coupled 
with formation of Yz, uptake of 2 H 2 O molecules and release of 2 FT^. Additional discussion on the 
possible states and configurations of manganese and water are presented in Chapter 20. 




Fig. 8. Model for the period-of-four oscillation of manganese oxidation, net charge formation, and water deprotonation. The 
S-state cycle is driven by four photons initiating electron transfer from P680 to Q^, with P680* being stepwise reduced by tyrosine 
Yj.® indicates pH-independent net charge of an S-state. “50, 260 ns" indicates biphasic kinetics. Figure from Schlodder and Witt 
(1999) Stoichiometry of proton release from the catalytic center in photosynthetic water oxidation. J Biol Chem 274: 30391 . 
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Fig. 1. Photosysterm II and some proposed manganese-cluster models. Drawings for some tetrameric manganese clusters from 
L-E Andr6asson and T Vanngird (1994) Manganese oxygen-evolving complex and models. In: BR King (ed) Encyclopedia of 
Inorganic Chemistry, p 2109. Wiley. See tables and reference lists at end of chapter for these and other manganese-cluster 
models. 
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A requirement for manganese in green-plant photosynthesis was established more than sixty years 
ago by plant nutrition studies. In 1937, Pirson* discovered that growth of the green alga Chlorella was 
partially inhibited in a medium in which manganese was excluded, and that the inhibition was elimi- 
nated when manganese was added back to the growth medium. Kessler^ reported in 1955 that if the 
green alga Ankistrodesmus was grown without manganese, only its oxygen-evolving capability was 
lacking. The author therefore concluded that manganese is concerned mainly, if not exclusively, with 
oxygen evolution. In 1958, Eyster, Brown, Tanner and Hood^ and in I960, Spencer and Possingham"^ 
reported that chloroplasts from manganese-deficient spinach also showed an abnormally low rate for the 
Hill reaction, which is known to be closely linked to oxygen evolution. It thus came to be generally 
accepted that loss of the oxygen-evolving ability is directly correlated with the loss of manganese. The 
inquiry into the structural and functional aspects of manganese in oxygen evolution, or water oxidation, 
expanded in the late 1970s when refined techniques of chemical extraction and EPR spectroscopy came 
into wide used. The manganese complex in the photosynthetic apparatus can be considered as an accu- 
mulator of four oxidizing equivalents supplied by the photooxidized primary donor, P680^, and acts as a 
“four-electron gate” or a “four positive charge accumulator” mediating the transfer of electrons from 
water molecules to P680'^ via the oxidized secondary donor, the electrons then being passed on on to 
photosystem I to eventually bring about the reduction ofC02. Eig. 1 prescribes the scope ofthe present 
chapter with a model ofthe PS-II reaction center, including a number of hypothetical models that have 
been proposed for the structure ofthe manganese cluster. It is beyond the scope of this book to go into 
detail with regard to these models; many of them are of historical interest and reflect the thinking of 
various workers when they were proposed at the time. The current Mn-cluster model will be discussed in 
Section V below. The models in Eig. 1 and a compilation of Mn-cluster models by Ksenzhek and 
Volkov^ shown in Table 1 at the end of this chapter will hopefully serve as a convenient reference source 
for further pursuit by interested readers. 



I. Methods for Extracting Manganese from Photosynthetic Organeiies 

Studies of manganese have been facilitated by two developments in experimental techniques: one 
relates to the extraction of manganese from the photo synthetic apparatus, and the second to the more 
recently achieved isolation procedures for obtaining from green plants and algae various active, oxygen- 
evolving complexes with simple and well-defined composition. The ability to extract manganese elimi- 
nated the need for growing algae or plants in manganese-deficient conditions. The following is a list of 
some commonly used methods for manganese extraction as compiled by Livorness and Smith^: 

(1) Heat treatment has been used for some time as a means for releasing manganese. Maintaining chloroplasts at 
45-50 °C for 3-10 min usually removes much ofthe manganese, and at the same time the Hill-reaction activity 
is also lost. 

(2) When chloroplasts are freated with 2-70 at 15 °C, 60-70% ofthe manganese and the same per- 

centage of oxygen-evolving ability are lost. 

(3) When chloroplasts are treated with 55 mM NaCN at pH 8 and 15 °C for 10-20 hrs, more than 80% of the mang- 
anese as well as most copper are extracted (although Fe is unaffected) and the Hill-reaction activity is also lost. 

(4) Treatment with denaturants: such as 0.5 M NaC 104 , 0.8 M NaSCN, 0.8 M guanidine, 1 M NaNOs, or 1 M urea, 
can inhibit water oxidation by PS II and at the same time damage the membrane structure and release manga- 
nese. 

(5) Treatment with 0.8 M Tris 'HCl at pH 8 releases ~2/3 of the total manganese, and inhibits oxygen-evolving 
ability completely. 
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(6) Treatment with a solution of divalent metal ions (50-100 mM) MgS 04 , at pH 9 and ~0 °C, e.g., for 30-90 min 
can extract 70% of the manganese and at the same time abolishes the oxygen-evolving ability. 

(7) Exposure to low pH (< 5) causes the loss of manganese as well as the oxygen-evolving ability . 

By means of Tris extraction, Cheniae and Martin ^established a linear correlation between the loss of 
oxygen-evolving ability and the loss of manganese in chloroplasts. They also found that the loss of 
~2/3 of the total manganese leads to a complete loss of oxygen evolution. This manganese loss corre- 
sponds to approximately 5.5-6 Mn per 400 Chi molecules, or per PS-II reaction center. These results led 
George Cheniae to propose that there may be more than one binding domain for manganese: with ~l/3 
not involved in oxygen evolution but as yet of unknown function and ~2/3 involved in oxygen evolution. 
Significantly, in all cases of manganese loss, the reactions of photosystem I are unaffected. 

II. Monitoring Manganese by EPR Spectroscopy 

In some early studies of photosynthesis, EPR spectroscopy served as a useful method for assaying the 
hexaquo complex of divalent manganese ion |Mn(H 2 ()) 6 ]'^ in solution. The EPR spectrum of IMnfHiO)^]'''' 
consists of six hyperfine lines due to a weak magnetic interaction between its unpaired electrons and the 
manganese nucleus. Manganese in other valence states does not show such an EPR signal. When manga- 
nese is complexed by organic ligands such as phospholipids, proteins or nucleic acids, the six-line spec- 
trum is broadened and its intensity can decrease to a point where it is undetectable, making the manga- 
nese “EPR-silent.” The characteristic, six-line EPR spectrum ofMir'''is very useful for semi-quantita- 
tive measurement of manganese content as well as being helpful in establishing the redox state of man- 
ganese present in the photosynthetic apparatus. Prior to the use of EPR spectroscopy, manganese was 
assayed by colorimetry, atomic absorption, or the detection of the radioative isotope, -’’'^Mn, incorporated 
during the growth stage ofplants and algae. Clearly, the EPR method combines the advantages ofbeing 
simple, accurate and, in many cases, non-destructive. 

In the early 1970s, large discrepancies appeared in results reported by various laboratories in regard 
to the loss of manganese brought about by Tris treatment, the values ranging from 10% to 70% of the 
total present. This controversy was eventually clarified by Blankenship and Sauer*, whose results also 
helped to illustrate the utility of the EPR technique for studying the role of manganese in photosynthesis. 
As shown by the upper spectrum in Fig. 2 (A), sucrose washed, oxygen-evolving chloroplasts show a 
very weak six-line signal, which is most likely due to some Mir'*’ in solution due to denaturation of 
chloroplast protein during the preparation. The EPR line at g~2.0 is due to “Signal II” of PS II (which 
will be discussed in Chapter 22). Interestingly, there is no indication of any free Mir'*’ released into the 
suspending medium, as seen from the bottom EPR spectrum in Fig. 2 (A) for the supernatant liquid. 

When the chloroplasts are treated with 0.8 M Tris at pH 8 (to release ~2/3 of the manganese) the 
supernatant fluid again shows no EPR signal due to extracted manganese [Fig. 2 (B), lower spectrum]. 
Instead, the free-manganese EPR signal is found exclusively in the chloroplast sediment. These results 
clearly show the manganese that was ligated to the protein and thus EPR-silent has been released from 
the bound state, as is evident by the appearance of the six-line EPR spectrum that is characteristic of free 
manganese. The association of the six-line EPR spectrum exclusively with the chloroplast sediment led 
to the conclusion that the bound manganese that is released from the protein remains trapped in the 
thylakoid-membrane interior, rather than leaking out to the exterior solution phase as might have been 
expected. When the Tris-treated chloroplasts are then sonicated to effect an exodus of the extracted 
manganese from the thylakoid interior, the supernatant fluid obtained by recentrifugation now shows a 
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(A) Sucrose-washed (B) Tris-washed (C) Tris-washed 

chloroplasts chloroplasts chloroplasts (sonicated 5 m) 




Fig. 2. EPR spectra of pellet (upper traces) and supernatant liquid (lower traces) from sucrose-washed (A) and Tris-washed 
chloroplasts (B), (C) Spectra of sonicated Tris-washed chloroplasts. Figure source: Blankenship and Sauer (1974) Manganese in 
photosynthetic oxygen evolution. I. Electron paramagnetic resonance study of the environment of manganese in Tris-washed 
chloroplasts. Biochim Biophys Acta 357: 256, 258, 

significant six-line EPR spectrum due to the released manganese, as shown by the results in Fig. 2 (C). 
By contrast, sonication of sucrose-washed chloroplasts shows only a very small manganese signal in the 
suspending medium. When the total manganese content of the chloroplasts was determined, it was found 
that the treatment of the chloroplasts with 0.8 M Tris had extracted -60% of the total manganese, in 
agreement with the results reported by Cheniae and Martin’. Separate kinetic measurements using EPR 
to monitor manganese release during Tris incubation show that Tris-released manganese diffuses out of 
the thylakoid interior only very slowly, with a diffusion halftime estimated to be -2.5 h. One other 
interesting finding was that when the Tris-treated chloroplasts were subsequently washed with Tris-free 
buffer containing the Asc/DCIP couple, the sample became EPR-silent^ and oxygen evolution was re- 
stored as well. 



III. Manganese Stoichiometry 

Like other transition metals, manganese can exist in various oxidation states, some of which have an 
oxidizing potential sufficiently high to carry out water oxidation and oxygen evolution. It therefore 
seems reasonable to suggest that advances in the S-state cycle may be associated in some way with redox 
changes in manganese, and that four manganese atoms may be present in a cluster to act as the so-called 
four positive charge accumulator. For an understanding of the role of manganese in oxygen evolution, it 
is therefore important to know the precise stoichiometry of manganese in the photosynthetic apparatus. 

Many laboratories have reported the manganese content in chloroplasts to be -4 per oxygen-evolving 
complex. For instance, the PS-II complex isolated from the thermophilic cyanobacterium Phormidium 
laminosum has been shown to contain 4 Mn and one each of P680, <J) and Q'°. In the following we 
present the work of Yocum, Yerkes, Blankenship, Sharp and Babcock'4o illustrate how various extrac- 
tion procedures and EPR spectroscopy [for the six-line spectra of free Mn(II)] were used to arrive at a 
stoichiometry of four manganese ions per PS-II reaction center. These workers prepared a sample of 
thylakoid membranes which were free of the loosely bound manganese that is unrelated to oxygen evo- 
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lution by using 0.4 MNaCl/l mMEDTA as the homogenizing medium and 150mMNaCl/4mM MgClj 
as the wash solution. The thylakoid membranes prepared by this method (designated as “salt/EDTA”) 
retain a reasonable oxygen-evolution activity (> 340 pmoles O^/mg Chl»/?) and contain a total of 4.6 Mn 
per 400 Chi, of which only a minimum amount is nonfunctional (0.4 Mn/400 Chi), as revealed by the 
six-line EPR signal obtained when the thylakoid membranes were treated with 40 mM Ca^*, the other 
four Mn being resistant to release by Ca^^. By comparison, thylakoid membranes prepared with a su- 
crose/2 mM MgCl 2 buffer as the homogenizing medium can contain up to almost three times as much 
Mn/400 Chi, if it has not been washed with a solution containing high salt and EDTA. These results 
indicate that four Mn atoms per 400 Chi, i.e., per PS-II reaction center, are present in the EPR-silent state 
in the salt/EDTA-chloroplasts and are functional in oxygen evolution. 

In addition, these authors proposed a model, as shown in Pig. 3, for the organization of the four 
manganese atoms in PS II, including the effects of various treatments and inhibitors on the complex. 
Here P680 and Z are the primary and secondary electron donors, respectively. (Upon one-electron oxi- 
dation the secondary donor Z gives rise to either of two EPR signals, the so-called Signal Ilyf or Signal 
Ilf; these EPR signals will be discussed in detail in Chapter 22). As the diagram suggests, not all four 
manganese atoms may have the same local environment. Por instance, one of the four manganese atoms 
marked with an asterisk in the upper right corner of its square is readily released (Pig. 3, top left) when 
the oxygen-evolving complex is treated with Tris under ambient light, and its redox state is therefore 
likely to be specifically associated with the a higher S-state of the complex. When not only Tris but also 
both Ca^'^ and EDTA are present in the medium, two manganese atoms are extracted (Pig. 3, lower 
center). Treatment with NH, OH, EDTA and Ca^'^ in the dark can extract three ofthe four Mn atoms (Pig. 
3, lower right). The requirement that the extraction be carried out in the dark suggests that NHjOH 
probably acts on the lower S-states. The EPR spectra of the oxidized secondary donor Z and its micro- 
wave- saturation behavior are different in the differently treated chloroplasts, suggesting an interaction 
between the Mn-cluster and Z* other than that associated with a simple, electron donor- acceptor rela- 
tionship. 





g Z(Signal II,) Z(Signal II,) 

□ □ 



Fig. 3. Model for the organization of manganese and effects of inhibitors on the manganese atoms associated with photosynthetic 
oxygen evolution. Figure source: Yocum, Yerkes, Blankenship, Sharp and Babcock (1981) Stoichiometry, inhibitor sensitivity, 
and organization of manganese associated with photosynthetic oxygen evolution. Proc Nat Acad Sci, USA 78: 751 1 . 
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IV. EPR Spectra of the Manganese Complex in the S 2-state 

Up to this point, the EPR studies on manganese have been made hy measuring the six-line EPR-signal 
due to |Mn(H 2 ()) 6 l‘^- More recently, two EPR signals attributable to manganese present in the native 
state of the complex and specifically associated with the S^-state have been found. One is the “multiline” 
EPR spectrum centered at g=2.0 as first reported by Dismukes and Siderer*^ in 1980 and subsequently 
confirmed by others [Pig. 4 (A)]. The other is an EPR spectrum with its most dominent feature atg=4.1 
(see below). Both signals are assigned to manganese as both are completely abolished when the chloro- 
plast is heat treated or treated with either 0.8 M Tris at pH 8 or NH 2 OH. both of which are known to 
release manganese. 

The multiline EPR signal is produced by giving one flash to a dark-adapted chloroplast sample while 
immediately freezing it rapidly in liquid nitrogen, after which it is cooled down to 7-10 K for recording. 
With the application of a group of flashes to the chloroplast sample at room temperature prior to freez- 
ing, the signal amplitude shows a periodicity-of-four oscillation in the number of flashes. The maximum 
amplitude of the multiline signal occurs after the first and fifth flash [Pig. 4 (B)]. These characteristics 
led to the suggestion that the multiline signal is due to the Si-state, and that S-state transitions are 
accompanied by changes in the oxidation states of manganese. The multiline signal can also be obtained 
with comparable intensity by continuous illumination of chloroplasts at -195 k'"^ which only allows 
advancement to the Si-stale, by illuminating the sample at ambient temperature in the presence of either 
DCMU^"^ or an artificial secondary electron acceptor, such as phenyl-p-benzoquinone (PPBQ)’^. The 
EPR spectra shown in Pig. 4 (A) were obtained by illumination at 195 K. 



g=\2 6 4 3 2.5 2 1.6 1.4 




Fig. 4. (A) Formation of the Sj-state multiline and g=4.1 signals: (a) Spectrum of dark-adapted PS-II membrane showing signals 
of high-spin cytochromes (g=6) and Rieske Fe 2 S 2 (g=1 .9) as marked by two small arrows; (b) Spectrum after illumination at -200 
K for 2 minutes, showing an increase in EPR intensity at g=4 and the S 2 -state multiline signal centered at g=2; (c) the difference 
spectrum of (b) minus that of (a) and magnified by a factor of 3 showing the S 2 -state multiline and g=4.1 signals. (B) Intensity of 
the multiline EPR signal vs. flash number (solid dots) and oxygen yield vs. flash number (empty circles) [original data from 
Babcock's Ph. D, thesis, Univ California, Berkeley (1974)]. See text for discussion. Figure source; (A) Miller and Brudvig (1991) A 
guide to electron paramagnetic resonance spectroscopy of photosystem II membranes. Biochim Biophys Acta 1056: 7; (B) 
Dismukes ef al. (1983) EPR evidence for the involvement of a discrete manganese cluster in O 2 evolution. In: Y Inoue et al. (eds) 
The Oxygen-Evolving System of Photosynthesis, p 148. Acad Press. 

The multiline spectrum is centered atg= 1.98 and consists of 18-20 partially resolved hyperfine lines 
spread over -1,800 G and superimposed onto a broad Gaussian-shaped signal. The spectrum in Pig. 4 
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(A, a) was obtained from dark-adapted chloroplasts, where signals due to the high-spin cytochromes (at 
g=6) and the Rieske iron-sulfur centers (at g=1.9) can be seen (marked by arrows). Spectrum (b), ob- 
tained by illuminating the sample at 200 K for two minutes, both the multiline signal and another at g= 
~4 are formed. Spectrum (c) is the light-minus-dark difference [spectrum (b) minus spectrum (a)] ampli- 
fied threefold, showing more clearly that both the multiline EPR signal and that at g=4.l have been 
formed. 

The multiline signal has been attributed to a Mn-cluster with mixed valence states. Based on the 
known manganese stoichiometry in the oxygen-evolving complex and other considerations, a tetramer 
such as [Mn(IlI)»Mn(lV) 3 ] is generally favored. Dismukes and coworkers have also shown that a model 
coordination compound of the type di-p,-oxo-Mn(llI)«Mn(IV) displays a similar signal with 16 hyper- 
fine lines. 

The second EPR signal associated with the S 2 -state is one with its most prominent feature at g=4 . 1 
with a linewidth of -340 G in this region but no observable hyperfme structure like the multiline signal. 
As mentioned above, the g=4. 1 signal shows a periodicity-of-four oscillation with the flash number also, 
and is completely abolished when the chloroplast is given any treatment that is known to release manga- 
nese. The g=4A signal was first reported by Casey and Sauer'^ who illuminated a chloroplast sample at 
140 K [Pig. 5 (A)], a temperature much lower than that used for producing the multiline signal. These 
workers also reported that if the sample was subsequently allowed to be warmed up briefly to 200 K in 
the dark, the g=4.l signal disappeared and concomitantly the multiline signal appeared [Pig. 5, (b) and 
(c)]. This observation led the authors to suggest that the g=4.\ signal may be a precursor of the multiline 
signal, and that presumably both signals originate from the same polynuclear complex but in different 
structural environments. Conversion of the g=4.\ signal to the multiline signal at 200 K suggests a 
temperature-dependent thermodynamic equilibrium. 

Based on the EPR results, it was proposed that two antiferromagnetically exchange-coupled manga- 
nese dimers are present in the S 2 -state. Since this unusual combination of exchange coupling had been 
observed previously for “cubane”-like complexes, Brudvig and Crabtree*^ proposed for the S 2 -state a 
tetrameric manganese complex having a Mn 404 cubane-like structure consisting of either three Mn(III) 



g = 5.0 3.0 2.0 




Fig. 5. Effect of illumination temperature and warming on the EPR signal of a PS-11 preparation, (a) Illuminated at 140 K for 30 s; 
(b) sample from (a) warmed in the dark to 190 K for 30 s; (c) sample initially illuminated at 190 K. All spectra recorded at 10 K. 
Spectra of dark-adapted sample have been subtracted in each case. Figure source: Casey and Sauer (1 984) BPR detection of a 
cryogenically photogenerated intermediate in photosynthetic oxygen evolution. Biochim Biophys Acta 767: p 23. 
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and one Mn(IV) or one Mn(III) and three Mn(IV). The proposed form of the manganese tetramer in each 
ofthe S-states is illustrated by entry #27 ofTable 1 at the end ofthis chapter. In this model, each Mn is 
anchored to the protein matrix via three N or O ligands, as suggested by the EXAFS (extended X-ray 
absorption fine structure) studies discussed below. During the S-state transitions, a tetrameric manga- 
nese complex is sequentially oxidized, the cubane structure being assigned only to the lower oxidation 
states (So, Si, and S 2 ). Sequential oxidation of the manganese ions in the Mn 404 cubane structure leads to 
a sufficient electron deficiency in the S 3 -state to enable the manganese complex to coordinate with two 
water molecules and be transformed into a Mn406 “adamantane”-like structure. In the S 4 -state of the 
model, two higher-valence manganese atoms trigger the formation of an 0-0 bond and subsequent O 2 
release. 



V. A Manganese-Cluster Model based on EPR and X-Ray Absorption Spectroscopy 

The application of X-ray absorption spectroscopy to the study of structure of the manganese complex 
involved in photosynthetic oxygen evolution was pioneered by the joint group Melvin Klein, Ken Sauer^^ 
at Berkeley starting in the late 1970s [See the information box below for a brief description of this 
spectroscopic technique]. This section summarizes the developments obtained by X-ray spectroscopy 
on the chemistry of the manganese complex in the different S-states of the PS-II reaction center and their 
implications for the understanding of oxygen evolution in greent plants. 

Initially, the structure ofthe manganese complex in the Sr and S 2 -states was probed by means of X- 
ray absorption edge spectroscopy (XAES) and EXAFS by Yachandra using EDTA-washed chlo- 

roplasts (designated by the authors as “active” chloroplasts) and the same chloroplasts treated with 0.8 
M Tris that removed ~2/3 ofthe manganese (designated as “inactive”). Chloroplasts present almost 



Info box 

For metalloproteins such as the manganese complex in thylakoid membranes, X-ray absorption spectroscopy 
(XAS) may be used to obtain structural information by directly probing the metal atom. As XAS is element spe- 
cific, it is recognized as a technique for investigating the chemistry of manganese in thylakoid-membrane environ- 
ment where other moieties such as proteins, pigment molecules as well as other inorganic cofactors are present. 
Stmctural information can be derived by measuring the variation in X-ray absorption as a function of the incident 
photon energy. Experimentally, a tunable X-ray source available from synchrotron radiation is used to provide 
incident X-ray photons. The probability of photon absorption decreases gradually with increasing photon energy 
but abruptly increases by an order of magnitude when the photon energy exceeds the ionization energy of a shell. 
This energy is called the “absorption edge energy.” X-rays with photon energies just above the absorption-edge 
energy are most efficient in generating X-ray fluorescence. 

X-ray absorption by a metal falls into two regions: one is the lower energy transition region (the “absorption 
edge”), which involves the promotion of I 5 core electrons to bound unoccupied orbitals. The spectral shape and 
position of the absorption edge can provide information about the types of coordinated ligands and the electron 
density or oxidation state of the metal atom. The transitions are observed as relatively sharp absorptions, superim- 
posed on a steeply rising absorption “trend,” which arises from the ionization of the E electrons to produce photo- 
electrons. 

The emitted photoelectrons may be considered as spherical waves radiating from the absorbing metal atom (see 
solid dot in figure below, right). These waves may be scattered by neighboring N- or 0-atoms (faint dots) in such 
a way that some of these waves arrive back at the metal atom. The resulting interference between the outgoing and 
back-scattered waves modulates the X-ray absorption of the metal atom. This modulation is manifested as a sec- 
ond, distinct oscillatory region ofthe spectrum called the extended X-ray absorption fine structure, or the EXAFS, 
region, which can be measured up to 1 keV above the absorption edge. Analysis of EXAFS can provide informa- 
tion about the number and type of atoms around the metal ion and their corresponding interatomic distances. 
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Info box (continued) 




Mn ion energy levels 



Is 

j L 



3d 4s 4p 

J 



6500 



Contmuum 

_l I I L 

6600 6700 



X-ray energy 



1 I I 

6800 6900 eV 




X-ray absorption spectrum of MnOj. The XANES (x-ray absorption near-edge structure) region encompassing the pre-edge to 
about 50 eV above the inflection point and the EXAFS region are shown. Left figure adpted from Guiles (1982) Ph. D. Dissertation, 
University of California, Berkeley. 






exclusively in the S, -state were prepared by converting the 25% in the S^-state by preilluminating the 
sample at 195 K followed by dark adaptation at 0 °C for one hour. Comparison of X-ray absorption of 
EDT A- washed chloroplasts containing only bound manganese and chloroplasts in which the bound man- 
ganese had been removed by the Tris treatment revealed a Mn-Mn distance of 2.7 A. Subsequently, the 
Fourier transform of the EXAFS data showed an additional Mn-Mn distance of 3.3 A. The manganese 
atoms were found to be ligated to nitrogen and oxygen atoms at a distance of 1.8 and 2.0 A, respectively. 
Similar results were also obtained later with an PS-II-enriched membrane complex and an oxygen- 
evolving PS-II particle from the cyanobacterium Synechococcus. The latter finding is particularly sig- 
nificant as it indicates that the stmcture of the manganese complex and presumably its oxygen-evolving 
ability have apparently been conserved for over two billion years of evolution. On the basis of similar 
results from the X-ray spectroscopy of manganese model compounds such as (X2Mn)02(MnX2), where 
X is either 2,2'-bipyridine or 1,10-phenanthroline, the authors showed that the structure of the manga- 
nese cluster in chloroplasts is compatible with that of the mixed- valence, di-p-oxo-bridged manganese 
dimers, since four manganese atoms are known to exist in the oxygen-evolving complex. Two such 
mixed-valence, bridged binuclear manganese clusters linked together at a distance of 3.3 A became the 
model suggested by the Berkeley group for the manganese complex present in the thylakoid membrane 
of photosystem II [see Fig. 7 (B) below]. 

EXAFS data of the dark-adapted chloroplasts indicate that in the SpState the state of manganese is 
very similar to the Mn(III )2 state of the model compound. When the Sj — >$2 transition was carried out by 
illuminating the Sj -state sample at 195 K, or by illuminating the S| -state sample at ambient temperature 
in the presence of DCMU, the Mn K-edge inflection energy shifts from 6551.4 to 6552.4 eV [Fig. 6 (A)], 
indicating a transition to a structure compatible with a model compound containing Mn(III) and Mn(IV) 
[see Fig. 6 (C)]. Note that absorption is assayed in the fluorescence-excitation mode and plotted as a 
function of X-ray photon energy in eV, with the ordinate expressed as normalized fluorescence (F/Iq), 
where F is the Mn K-edge X-ray fluorescence and lo the incident X-ray intensity. 
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The Berkeley group^^ also used EPR signals as an indicator of the S-state and showed that chloro- 
plasts that had been converted from the Sj-state to the S-state in either the multiline or the g=4.1 form, 
exhibited similar Mn K-edge energy values, further supporting the notion of manganese oxidation dur- 
ing the Si— transition. Results from the higher-energy EXAFS region show no significant structural 
reorganization in manganese coordination during the S|-»S 2 transition, thus making the assignment of 
the K-edge inflection-energy shift to an oxidation [from Mn(III) to Mn(IV)] more certain. 

In earlier experiments, a chloroplast sample was prepared in the S 2 -state by low-temperature illumi- 
nation, as described above, and then converted to the S 3 -state by warming it to 0 °C for 5-10 5, long 
enough to allow to be reoxidized without any alteration of the S 2 -state, followed by a second illumi- 
nation at 195 K. After the second low-temperature illumination, the sample no longer displayed the 
multiline signal that is characteristic of the S 2 -state, indicating that the S 3 -state had been formed by 
applying a flash to the S 2 -state at 195 K. Unexpectedly, the Mn K-edge inflection of the S 3 -state was 




Fig. 6. XAES spectra of Mn in the So. St, Sa and S 3 states of spinach PS-II particles. (A) The K-edge inflection energies for the Sq. 
St and Sa states are 6550.3, 6551 .3 and 6552.5 eV, respectively. The progressive shifts from So, to St to Sa indicate a progressive 
oxidation of Mn during the S-state cycle; (B) the K-edge inflection of the S 3 state is approximateiy at the same position as that for 
the Sa state, indicating that the Mn oxidation state has not changed during the Sa-^Ss transition; (C) X-ray absorption Mn K-edge 
energies and coordination charge for a variety of model Mn compounds in various oxidation states. A straight-line best fit is drawn 
through the data points; points corresponding to the edge energies of the So. S, and Sj states are located on the line. Various 
valences are indicated at the top of the plot. Figure source: (A, B) Yachandra, Guiles, McDermott, Britt, Cole, Dexheimer, Sauer 
and Klein (1986) The state of manganese in the photosynthetic apparatus determined by X-ray absorption spectroscopy. J de 
Physique 47: Collogue 8 , p 1124; (C) Sauer, Guiles, McDermott, Cole, Yachandra, Zimmermann, Klein, Dexheimer, and Britt 
(1988) Spectroscopic studies of manganese involvement in photosynthetic oxygen evolution. Chem Scripta 28A: 89. 
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found to be between that of the S|- and S2-states, while its shape closely resembled that of the S2-state 
[Fig. 6 (B)], which seem to indicate that no Mn oxidation had taken place during the S2~>S3 transition. 
However, careful analysis of the EXAFS data indicated a small but significant structural change in the 
manganese distances during the 82-^83 transition, suggesting the presence of two slightly different, di- 
p.-oxo-bridge distances and consequently two inequivalent binuclear species in the 83-state. In the mean- 
time, the apparent absence of manganese oxidation during the 82->'83 transition was interpreted indepen- 
dently by Govindjee and coworkers ’ and by Guiles as indicating that the oxidizing equivalent was 
stored on a redox-active center other than Mn, and that an aromatic amino acid such as histidine located 
in the proximity of, or ligated to Mn, might have been oxidized instead. An EPR spectrum, assigned to 
the 83-state and suggestive of an involvement of an oxidized histidine with the manganese cluster, will 
be discussed in Chapter 22. An alternative possibility may involve a partial oxidation of water, although 
a one-electron oxidation of water is thermodynamically unfavorable and a two-electron oxidation of 
water would result in a decrease in the oxidation state of manganese. 

As discussed in Chapter 18, the presence of NH2OH at micromolar concentrations does not reduce 
manganese but causes a two step retardation to the S_|-state, which with the application of one flash 
advances to the 80-state. The Mn K-edge inflection energy of the 80-state is lower (6550.3 eV) than that 
of the 8|-state [Eig. 6 (A)], which is consistent with the presence of a significant amount of Mn(II). The 
result thus implies that an oxidation equivalent is stored in the manganese cluster during an 8^->8i state 
transition. EXAES analysis showed a greater variety of the bond lengths in the 80-state, supporting the 
suggestion that several different valences are present, including one Mn(II). 

Eig. 6 (C) is a composite plot of the X-ray absorption Mn K-edge energies (small circles) of 1 1 model 
Mn compounds of known mixed valence states, as labeled in the top row of the figure. The Mn K-edge 
energies measured for the S-states of active chloroplasts are represented by crosses. In this way, the K- 
edge energies of the S-states serve to provide the assignments for the manganese redox states in the 
Sq-, S|- and S2-states. Manganese valence states for each of the S-states as derived from XAES and 
EXAES studies are summarized in Eig. 7 (A). The model is based on the general consensus that the 
cluster contains four manganese atoms. The cluster is formed by two di-p-oxo bridged, Mn-Mn bi- 
nuclear centers linked by a mono-p-oxo bridge. At the present time, experimental data is lacking on the 
transient S4-state that is presumably involved in the formation of a peroxo bridge and spontaneous evo- 
lution of gaseous oxygen. This manganese cluster will be used in a new model of oxygen evolution to be 
discussed in Chpater 22. 

A detailed topological model for the four-manganese cluster, again based on the X-ray absorption 
spectroscopic data assembled to date by the Berkeley group, is shown in Eig. 7 (B). The Mn-Mn dis- 
tances of 2.7 and 3.3 A shown in this model are derived from EXAES analysis. Based on polarized XAS 
measurements with oriented chloroplast membranes, the axes of the two Mn atoms 2.7 A apart in each of 
the two di-p.-oxo-bridged centers are approximately parallel to the plane of the membrane, with the two 
vectors making an angle of -60° with respect to each other. The two, di-p-oxo-bridged moieties are 
linked by a mono-p-oxo bridge, giving a closest Mn-Mn distance of 3,3 A; this vector being oriented 
parallel to the membrane normal, as indicated by EXAES -dichroism measurements. The two Mn 3. 3 -A 
apart in this model are also linked by two dicarboxylato bridges. The current consensus, supported to a 
large extent from structures of model compounds, is that in the S2-state, one binuclear center is in the 
[Mn(lII)-Mn(IV)] oxidation state and the other in the [Mn(IV)'Mn(IV)] oxidation state [Eig. 7 (A)]. The 
orientation of the manganese cluster in Eig. 7 (A) is not specified. The histidine that has been proposed 
as the storage site for one oxidizing equivalent during the 83 ->83 transition is shown ligated to a Mn 
atom. However, it should be noted, as discussed in Chapter 23, that flash-induced changes in the UV 
absorption spectrum favors the oxidation of one Mn(III) to Mn(IV) during the 82 ->83 transition. 
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At this point, abriefmention may be made regarding some models for the oxidation-state advances in 
the oxygen-evolving manganese clusters. With regard to the model in Fig. 7 and the cubane model 
briefly discussed earlier, as also shown as model #27 in Table 1, it is worth noting that some conspicuous 
differences already exist between them. First, the Brudvig-Crabtree cubane model based on EPR spec- 
troscopy points to a symmetric tetramer structure, whereas that based on X-ray spectroscopy suggests a 
“dimer-of-dimers”-type with a less symmetrical structure, as shown in Fig. 7 (B). In the cubane model, 
the cubane-like structure is converted into an adamantane-like structure during the Sj — >83 transition, a 
process that involves a significant structural rearrangement. On the other hand, EXAFS data indicate 
that the manganese cluster undergoes no significant conformational changes other than some minor 
changes in Mn-Mn distances during the S| ->83 and 83 ->83 transitions. 



(A) 




(B) 




Fig. 7. (A) The oxidation states of Mn in the various S-states. The model incorporates a histidine radical formation in the Sj-state 
with no oxidation of Mn in the S 2 ->Sa transition: the modei aiso accommodates the 1 :0:1 :2 proton-reiease pattern in the Kok cycle; 
(B) a proposed topological model for the photosynthetic water-oxidizing Mn-complex based on XAS and EPR studies. Figure 
source: (A) [adapted] and (B) Sauer, Yachandra, Britt and Kiein (1992) The photosynthetic water oxidation complex studied by 
EPR and X-ray absorption spectroscopy. In: VL Pecararo (ed) Manganese Redox Enzymes, pp 141-175. VCH Publ. 

Finally, it should be noted that it is not yet known how the manganese cluster is bound to the protein. 
In 1980, Metz and Bishop^^ implicated D1/D2 as the binding site. In 1987, Coleman and Govindjee^"^ 
examined various specific amino-acid residues among the aspartate, glutamate and histidine in the lu- 
menal region of the D1/D2 proteins and, based on their structural and chemical properties relevant to 
manganese binding, suggested a number of possible coordination geometries. 
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Table 1. Some proposed mechanisms of water oxidation in green-plant PS-II reaction centers 
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Table 1. (cont’d) Table source; Ksenzhek and Volkov (1998) Plant Energetics, pp 174-175. Acad Press 
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In the previous chapter we have presented two powerful techniques for examining the chemistry of 
manganese during S-state transitions, namely EPR and X-ray spectroscopy. Here we discuss another 
method, that of UV (ultraviolet) ahsorhance changes accompanying the S-state transitions. This tech- 
nique, which gained applicability to manganese studies in the mid-1970s, has two advantages. First of 
all, optical measurements can he carried out at ambient temperature which is often not the case with 
EPR. Equally important, the kinetics of manganese redox changes during the S-state transitions may be 
readily obtained by optical spectroscopy with a high time resolution. 

Research in this area began with a report by Pulles, van Gorkom and Willemsen' more than twenty 
years ago on light-induced UV absorbance change in dark-adapted chloroplasts. A series of saturating 
red flashes, each of 4 fjs in duration and spaced 290 ms apart, were used for photoexcitation. The absor- 
bance changes at 310 nm elicited by the flashes exhibited a periodicity of four as a function of the flash 
number, which suggested that they may be related to S-state transitions or, more specifically, to changes 
in the redox states of manganese in the oxygen-evolving complex of photosystem II. The loss ofperiod- 
icity-of-four dependence when DCMU was present in the chloroplast sample was consistent with blocks 
between PS-II and PS-I activities. The absorbance-change spectrum between 290 and 370 nm induced 
by the first flash showed a maximum around 310 nm [see Fig. 1 (A)]. Spectra produced by a series of 
flashes showed maxima on odd-numbered flashes and minima on even-numbered flashes, suggesting 
that an absorbance change with a periodicity of 2 may also be involved, most likely arising from compo- 
nents on the electron-acceptor side of PS II. 

I. Absorbance Changes produced by the Si->S2 Transition 

The question of the nature of the components giving rise to the absorbance changes with a periodicity 
of four was taken up again by Dekker, van Gorkom, Brok and Ouwehand^ about a decade later in an 
investigation of oxygen-evolving PS-II particles isolated from spinach. Absorbance changes attributable 
almost exclusively to the Sj — >82 state transitions may be produced with dark-adapted PS-II particles in 
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which the photosystem II is first brought to predominantly the S, -state. The steps in the transfer of an 
electron through PS II induced by a short flash may be represented by the following scheme: 

2 H 2 O*S,(Mn>Z*[P 680 *cI)]-QA*QB • • • 

Upon photoexcitation, the primary charge separation occurs very rapidly and is not observable except 
when the detection method has very high time resolution. Subsequent oxidation of Z to Z*^ and reduction 
of QAto Qa' also take place rather rapidly. On the other hand, the oxidation of S, to Sj by Z^ takes place 
more slowly in tens of microseconds and is thus possible to be rather easily observed, the reaction being 
represented by: 



S,(Mn)«QA S2(Mn)*Qy^', where H2O is now included in “Si(Mn)”. 



Furthermore, if the absorbance change due to QAreduction, [AA(Qa~-Qa)], were subtracted from the 
total absorbance change forthe above reaction, i.e., AA[S 2 (Mn)»QA -S](Mn)*QA)],thentheresultwould 
be that due only to the S)->S 2 transition, AA(S 2 -S|). As discussed in Section II of Chapter 16, the net 
absorbance change AA(Qa”-Qa) iriay be obtained by applying some sort of “chemical intervention” to a 
Tris-treated PS-II particle which has been exposed to DCMU so that the electron-transport chain is now 
blocked both before Z and after Qa- A ferri/ferrocyanide couple added to such a sample would provide 
the needed chemical intervention by reducing Z* and so that the net AA(Qa'-Qa) could then be obtained 
from the composite change by subtracting that of the known ferri/ferrocyanide change, rather than that 
of the uncertain change due to oxidation of Z. 

The AA(S 2 -S|) initially obtained by Dekker et af is shown by the curve plotted with solid dots in Fig. 
1 (A). This figure also includes the known, in vitro absorbance difference spectra for the gluconates of 
Mn(IV) and Mn(III) [dashed line] and ofMn(III) and Mn(II) [dotted line], taken from the literature^. On 
the basis of a comparison between AA(S 2 -S|) and the difference spectra of these manganese model 
compounds, Dekker etal? attributed the absorbance change associated with the S[->S 2 transition to the 
oxidation of Mn(III) to Mn(IV). Note that this interpretation is consistent with that arrived at from X-ray 
absorption spectroscopy and EPR spectroscopy discussed in the Chapter 19. 
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Fig. 1. Difference spectra of the transition measured by two different research groups. Figure (A) also includes the 

difference spectra of Mn(IV)-minus-Mn(lll) [dashed curve] and Mn(lll)-minus-Mn(ll) [dotted curve] for model manganese com- 
pounds. Figure source: (A) Dekker, van Gorkom, Brok and Ouwehand (1984) Optical characterization of photosystem II electron 
donors. Biochim Biophys Acta 764: 308; (B) Lavergne (1991) Improved UV-visible spectra of the S-state transitions in the photo- 
synthetic oxygen-evolving system. Biochim Biophys Acta 1060: 185; (C) van Leeuwen, Heimann and van Gorkom (1993) Absor- 
bance difference spectra of the S-state transitions in photosystem II core particles. Photosynthesis Res 38; 328. 
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A decade after the work of Dekker et al}, the ahsorhance change shown in Fig. 1 (A) was reexamined 
hy Lavergne"* and hy Leeuwen, Heimann and van Gorkom^ and the results are shown in Figs. 1 (B) and 
(C), respectively. To facilitate their comparison, all data are presented on the same Ae scale. For simpli- 
city and clarity, the region above 400 nm where electrochromic shifts due to chlorophyll molecules 
occur was omitted. Note that the spectra vary somewhat from the different sources. Nevertheless, all the 
difference spectra assigned to the Sj— >82 transition show some common features, e.g., a peak at -310- 
320 nm and, to some degree, a shoulder at -350 nm, as well as a peak or shoulder at 385 nm. 



II. Absorbance Changes produced by the S-state Transition Cycie 

II.A. In Dark-Adapted Chloroplasts 

In order to understand the redox-state changes involved in oxygen evolution, it is almost imperative to 
measure the ahsorhance changes associated with each of the S-state transitions. This may he illustrated 
with the work of Saygin and Witt®. These authors used ‘time-hracketing’ to observe flash-induced absor- 
bance changes occurring within a certain time range in a highly enriched, oxygen-evolving PS -II com- 
plex (~3000 pmoles 02 /mg Chl-A), isolated from the thermophilic cyanobacterium Synechococcus sp. 
Absorbance changes at 367 nm were measured for a few milliseconds 0.5 s after the flash [see Fig. 2 (A)] 
so that fast redox turnovers such as those due to P680, the secondary donor Z and the “primary” acceptor 
Qa that occur within the half second after the flash are not recorded. Since the decay of each S-state 
except S 4 is relatively slower, the signal level measured for a brief time 0.5 s after the flash is actually the 
new “stable” level of the absorbance produced by each S-state transition. The interference by the period- 
icity-of-two absorbance changes due to reduction of the secondary electron acceptor was eliminated 
by using the external electron acceptor silicomolybdate (SiMo) in the presence of DCMU^ or using 2,5- 
dichloro-p-benzoquinone (DCBQ) to intercept electrons from Qa”. The Ae pattern in Fig. 2 (A) was 
obtained by signal-averaging the responses to 14 flash trains. 

Looking at the absorbance-change sequence in Fig. 2 (A) produced by 1 1 sequential flashes, the peri- 
odicity-of-four pattern is quite clear, and damping appears moderate. The observed absorbance changes 
over the wavelength range 250-400 nm are plotted for the first four flashes in Fig. 2 (B). The absorbance 
changes of the S |— >82 and 82~>83 transitions produced by the first and second flash, respectively, have 
nearly the same amplitude. This led the authors to suggest that manganese undergoes a Mn(III)— >Mn(IV) 
reaction during both these transitions. Upon the third flash, presumably the transition is predominantly 
> 80 , i-S-, S 3 oxidized to 84 which releases one molecule of oxygen and then returns to the Sq- 
state, with the associated absorbance change showing the expected large negative amplitude. This absor- 
bance-change pattern is often described as “+1 :+l ;-l-l :-3” in terms of the manganese valence changes in 
the S-state transition cycle. The Sq— > 8 | transition produces only a small absorbance change, which the 
authors interpreted as a Mn(II)->Mn(III) reaction. 



II.B. In the Synchronized So-State 

The absence of a prominent absorbance change for the So-> 8 i transition on the fourth flash also led 
Horst Witt and coworkers to suggest that the sample had probably acquired an increasingly heteroge- 
neous S-state population since several S-state transitions had already taken place. For instance, since the 
S3— >(84)— >So transition produces a large negative absorbance change, part or all of the change in the 
So->8, transition was likely nullified. Following this reasoning, Saygin and Witt® tried to use a sample 
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Fig. 2. (A) Flash-induced absorbance changes at 367 nm in PS-II particles isolated from Synechococcus at pH 7 and in the 
presence of 2X10‘° M silicomolybdate. (B) Spectra produced by each of four consecutive flashes in PS-II particles containing 
silicomolybdate. Figure source: Saygin and Witt (1987) Optical characterization of intermediates in the water-splitting enzyme 
system of photosynthesis - possible states and configuration of manganese and water. Biochim Biophys Acta 893; 456, 457. 



present in a more synchronized starting state by treating the sample with a low (pM range) concentration 
ofNH20H. As seen earlier in Chapter 18, the application of one flash to a chloroplast sample containing, 
for example, 24 pM NH 2 OH can bring all the S-states to the S.pState, and consequently since the other 
S-states are absent initially, the So->S| transition can be measured with the second flash. The oscillation 
pattern of the absorbance changes at 316 nm as a function of flash number and the spectra of absorbance 
changes for the sequential S-state changes in a synchronized sample are shown in Figs. 3 (A) and (B), 
respectively. 

The shape of the absorbance-difference spectra for the S,->S 2 and S 2 ~>S 3 transitions differ only slightly 
from those obtained from the dark-adapted preparations shown in Fig. 2, with the major peak closer to 
340 nm than to 310 nm. However, the amplitudes of both spectra are considerably smaller [Ae ^ 3] than 
those shown in Fig. 2 (B) or Fig. 1. On the other hand, the spectrum for the Sq— >S| is more prominent 
[maximum Ae ~ 2] and has a well-defined peak near 310 nm. As mentioned in the previous section, 
these authors and others appear to favor the assignment of a Mn(II)-Mn(IlI) change for the Sq-^S] 
transition. 
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250 300 350 400 nm 

Fig. 3. (A) Flash-induced absorbance changes at 316 nm in PS-II particles isolated from Synechococcus treated with 24-pM 
NHjOH and in the presence of silicomolybdate. (B) Spectra of absorbance change induced by the 2nd, 3rd and 4th flashes in 
NHjOH-treated PS-II particles containing silicomolybdate. Figure source: Saygin and Witt (1987) Optical characterization of 
intermediates in the water-splitting enzyme system of photosynthesis - possible states and configuration of manganese and 
water. Biochim Biophys Acta 893: 461 

II.C. Produced by S-state Transitions 

Figs. 1,2 and 3 show that qualitative and quantitative differences still exist between the results from 
different lahoratories. For instance, the initial data of Dekker et al.^ [Fig. 1 (A)] show the ahsorhance- 
difference spectrum for S]— >82 has a maximum near 305 nm and a shoulder near 350 nm. Data of Saygin 
and Witt^ [Fig. 2], obtained with normal, dark-adapted Synchococcus particles, are considerably differ- 
ent in spectral shape, and that changes for the Sq— yS] transition are negligible. Their data obtained by 
using NH20H-treated sample^ where the initial S-state was presumably synchronized to the S_i -state, 
showed the spectral changes for the Sj— >82 and 82— >83 transitions also to be nearly the same, with a peak 
near 340 nm, but that for the 80— >8] transition only has a slightly lower amplitude and has its peak 
located near 310 nm. It has been suspected that some of the differences are due to the use of NH2OH or 
to the use of different species, but Dekker et al.^ found that cyanobacterium preparations without the 
NHjOH treatment produced nearly the same spectral changes as eukaryotic systems. 
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The controversy regarding the interpretation of the spectra of the S-state transitions persisted even as 
more spectral data appeared. Some recent spectral data from Lavergne"^ and from Leeuwen, Heimann 
and van Gorkom^ are shown in Fig. 4 (A) and (B), respectively, both sets of data obtained using PS-II 
particles from spinach. As can be seen, both qualitative and quantitative discrepancies still exist to some 
degree among the spectral data reported to date. The rather highly resolved difference spectra in Figs. 4 
(A) and (B) show that spectra from the two laboratories for the S|-»S2 and S2~>S3 transitions are compa- 
rable in amplitude. The major difference lies in the amplitude for the So->S| transition: very small in Fig. 
4 (A), whereas in Fig. 4 (B) it is - 50 % of that for the $1^82 and S2->S3 transitions and its peak seems 
generally shifted to longer wavelengths. Intermediate values have also been reported by Renger and 
Hanssum^ for the Sq— >S| transition. 

In Fig. 4 , we have included a portion of the spectral region above 400 nm, where the electrochromic 
shifts of chlorophyll spectra, possibly ofP 680 itself, induced by the presence of positive charges on the 
various S-states are very prominent. While this electrochromic shift is absent in the S2— >83 transition, 
those appearing in the spectra for the 8i->82 and 8o->8] transitions are interestingly almost mirror 
images of each other. 
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Fig. 4. (A and B) Absorbance-difference spectra accompanying the S-state transitions So-»S,. S,->S 2 and in oxygen- 

evolving spinach chloroplast particles (the BBY preparation). In (B), a calcium-depleted preparation was used for measuring the 
spectrum for the S 2 -+S 3 transition. Figure source: (A) Lavergne (1991) Improved UV-visible spectra of the S-transitions in the 
photosynthetic oxygen-evolving system. Biochim Biophys Acta 1060; 185; (B) van Leeuwen, Heimann and van Gorkom (1993) 
Absorbance difference spectra of the S-state transitions in photosystem II. Photosynthesis Res 38; 328. 
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At the present moment, there appears to be some consensus that the So~>S| and S|— >83 transitions are 
associated with the oxidative changes Mn(II)->Mn(III) and Mn(III)->Mn(IV), respectively, as these 
interpretations are in agreement with those arrived at from both X-ray and EPR data. On the other hand, 
the suggestion based on optical data that a Mn(III)— >Mn(IV) oxidation is associated with the Sj — >83 
transition is at variance with the X-ray spectroscopic data; it is also at odds with a suggestion by Govindjee 
et al.^ ’*’ and the Berkeley group" that the oxidizing equivalent formed during the 83— >83 transition may 
reside on a histidine, thought to be an amino-acid ligand to a Mn in the OEC. Boussac, Zimmermann, 
Rutherford and Lavergne" have also recently suggested possible histidine oxidation during the 83— >83 
step, based on light-induced difference spectra obtained with PS-II membranes depleted of Ca^*. 

In spite of the current controversies regarding the spectral data for the S-state transitions and their 
interpretation, the optical spectroscopic technique still presents an extremely powerful research tool for 
examining manganese redox changes in the course of oxygen evolution. One of the limitations of the 
optical spectroscopic technique lies in the inherent lack of any sharp features found in the spectra, thus 
making identification of the manganese redox state somewhat ambiguous, even with the help of the 
spectra of manganese model compounds. Eurther complicating the situation are discrepancies found 
among the results of different laboratories, discrepancies which may have their origins in the sample 
material or the experimental conditions. Relative to the former is the question of possible species differ- 
ences, for instance, whether the spectral characteristics of prokaryotes (cyanobacteria) and eukaryotes 
(green algae, spinach) might be significantly different. 

The question of the state of the sample is more difficult. The most difficult is the question of the 
population of the S-states in the material being investigated. Considering that the dark-adapted sample is 
commonly assumed to have a composition of 8|/8o=0. 75/0.25, it is thus predominantly, but not exclu- 
sively, in the 8 [-state. Misses and double hits lead to an even more heterogeneous population of the S- 
states and consequently even more impure spectra. These factors, plus possibly others such as the actual 
fraction of reaction centers that are active, etc., may also account for the amplitude differences. The 
technique of exposing a sample to dilute NH 3 OH plus one flash to achieve synchronization of all reac- 
tion centers to the So-state might be the way to resolve some ofthese uncertainties. On the other hand, the 
question has been raised as to how well synchronization is actually achieved and to what extent there 
might still be a mixture of S-states. Comprehensive discussions on the differences in the current inter- 
pretations of the optical spectroscopic data may be found in references Rl, R2 and R3. 



II.D. Kinetics of S-state Changes during the Transition Cycie 

80- and 8 [-states are stable, whereas 83- and 83- states will eventually return to the S[ -state, resulting in 
an 8 g/ 8 jratio of 0.25/0.75 in dark-adapted chloroplasts. The deactivation process may be accelerated by 
the ADRY -agents. The S4-state spontaneously returns to the 80-state in about a millisecond. The kinetics 
of formation of the S-states, on the other hand, was initially determined by Dekker, Plijter, Ouwehand 
and van Gorkom". They used dark-adapted, oxygen-evolving complex from spinach (the BBY prepara- 
tion) containing the acceptor DCBQ, and measured the absorbance changes of the S-state transitions at 
350 nm. This wavelength was chosen because it yields relatively large changes due to S-state transitions 
but little contribution from the secondary donor Z. The use of appropriate time resolution for the mea- 
surements allowed the risetimes due to S-state transitions to be differentiated from those of reduc- 
tion. 

The individual absorbance-change transients at 350 nm induced by each of five,10-//s xenon flashes 
are shown on different time scales in Eigs. 5 (A) and (B), with a time resolution of 100 and 15 //y, 
respectively. The five consecutive excitation flashes in each train were spaced 300 ms apart and the res- 
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Fig. 5. Absorbance changes induced by five flashes in dark-adapted PS-II preparations containing DCBQ. Row (A) shows traces 
of 12. 5-ms sweeps measured at a 100-/iS response time; 1.25-ms sweeps are shown in row (B) at 15-//S response time. The 
smooth lines drawn through the signal traces above the horizontal arrow in (B) represent calculated signals for S-state transitions. 
(C) shows signal induced by the first flash (250-ns dye-laser flash), measured at 7.5-/rs resolution. Figure source; Dekker, Plijter, 
Ouwehand and van Gorkom (1 984) Kinetics of manganese redox transitions in the oxygen-evolving apparatus of photosynthesis. 
Biochim Biophys Acta 767; 178. 



ponse trains signal-averaged. At the lower time resolution shown in Fig. 5 (A), the unresolved rise 
portion consists of changes due to both the S-state change and Qa reduction. The sign reversal in the 
transient profile induced by the third flash clearly indicates that it is at least in large part caused by the 
S 3 ->(S 4 )->So transition. 

In order to see more clearly the risetimes for the S-state transitions, the absorbance-change transients 
are shown with a 10-fold higher time resolution in Fig. 5 (B). Here the initial, rapid rise portion can be 
seen for each transient, as marked by the horizontal arrow, and is ascribed to reduction. The actual 
risetime for the slower portion of each transient was obtained by using a 250-ns dye-laser flash for 
excitation and a 1.5-jus resolution, as illustrated by the trace for the first flash shown in Fig. 5 (C). The 
half risetimes (/p/,) estimated from semilogarithmic plots made from measurements similar to that shown 
in Fig. 5 (C) are as follows: 

50- ^S| 30±10/is, 

51- >S 2 110±20/is, 

350 ± 50 /zy, and 

S3->(S4)-^So 1 3 00 ± 1 00 /is 
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Subsequent results reported by several other groups, including that of Saygin and Witt®, are in general 
agreement with these values. Results obtained by Witt’s group, using basically the same procedure as 
that shown in Fig. 2 (A) except that the measurements were made immediately after flash excitation, 
also exhibit a general increasing trend for the S-state transition halftimes but differ somewhat in actual 
values, with the half risetimes of 50, 40, 100 and 1 500 /us, for the four corresponding S-state transitions, 
for experiments carried out at pH 6.5. 

The experimental traces in Fig. 5 (B) can be fitted, as shown, by smooth curves drawn through the 
measured signals on the basis of an Sq/S] distribution of 0.25/0.75 in the dark-adapted preparation with 
both the a and P values equal to 0.09. Results from these rapid absorbance-change measurements are 
consistent with the earlier suggestion that the sequence of redox changes during the S-state transitions 
follows the -Hi : -1-1 : -1-1 : -3 pattern. 

It is of interest to note that each successive S-state transition becomes slower by a factor of ~3.5. This 
trend is understandable on the basis of electrostatic consideration; each S-state advance increases the 
oxidizing equivalent of the S-state by one unit and thus raises the electrical repulsion between it and the 
positively-charged secondary donor Z* . As an S-state oxidation is due to an electron extraction by the 
oxidized secondary donor Z^, it is expected that the rates of formation of the S-states listed above to be 
the same as those for reduction of Z'". This is indeed the case as indicated by the decay of the SII signals 
determined by EPR spectroscopy (see Chapter 22). 
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For further reading: 

R1. HT Witt (1996) Primary reactions of oxygenic photosynthesis. Ber Bunsenges Phys Chem 100: 1923-1942 
R2. JP Dekker (1992) Optical studies on the oxygen-evolving complex of photosystem II. In: VL Pecararo (ed) 
Manganese Redox Enzymes, pp 85-104. VCH PubI 

R3. RJ Debus (1992) The manganese and calcium ions of photosynthetic oxygen evolution. Biochim Biophys Acta 
1102: 269-352 
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Although the structure of the oxygen-evolving manganese-protein complex itself has not been com- 
pletely resolved yet, a number of peripheral components surrounding the complex are known to be 
essential for oxygen evolution. In particular, three extrinsic polypeptides of 17-, 23- and 33-kDa mo- 
lecular mass have been found to be intimately associated with the oxygen evolving site. (Note that the 
molecular-mass figures cited in the literature vary slightly depending on whether they are estimated 
from SDS-PAGE or gel filtration). These polypeptides are located on the lumen side of the OEC cluster, 
presumably serving as a cap for the manganese complex, and cooperating, in some manner, with the 
inorganic cofactors, Ca?* and Cl" in the evolution of oxygen. The location of these three extrinsic polypep- 
tides and the inorganic cofactors in the PS-II reaction center are illustrated in the model in Pig. 1. 




Manganese cluster; 
Ca^*, Cr ions; and 
17, 23 and 33 kDa 
extrinsic polypeptides 



Fig. 1. Model for the PS-II reaction center (for higher plants and green algae) showing the locations of the three extrinsic polypep- 
tides and the Inorganic cofactors 
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I. The Three Extrinsic Poiypeptides: Properties and Function 

I.A. Release of the Polypeptides from the Thylakoid Membrane 

The three extrinsic, water-soluble polypeptides of 17-, 23- and 33-kDa molecular mass in photosystem 
II were discovered in the early 1980s. Akerlund' first noted that washing “inside-out” vesicles with 0.25 
M NaCl resulted in the release of the 17- and 23-kD polypeptides into the aqueous phase and at the same 
time the concomitant loss of the ability to evolve oxygen. Since these effects were not observed with 
“right side-out” vesicles, Akerlund concluded that the low-molecular weight polypeptides are located on 
the lumen side of the thylakoid membrane and therefore only exposed with inside-out vesicles where 
they were readily susceptible to removal by NaCl washing. In the right side-out vesicles, these polypep- 
tides are trapped on the inside of the vesicles and thus protected from NaCl washing (cf. Chapter 1, 
Section VII and Fig. 19 therein). 

Akerlund and Jansson^ also found that washing the inside-out vesicles with 1 M Tris at alkaline pH can 
not only remove these two polypeptides but also a 33-kDa hydrophilic polypeptide and all the manga- 
nese as well. Release of the 33-kDa polypeptide from oxygen-evolving PS-II thylakoids by Tris treat- 
ment was also reported independently by Yamamoto, Doi, Tamura and Nishimura^ and by Kuwabara 
and Murata"^. In fact, the latter workers^ had isolated the 33-kDa polypeptide two years earlier and sug- 
gested that the it might have a role in oxygen evolution. Later on, other treatments, for instance, washing 
with 1 M CaClj (or MgCl 2 ) at pH 6.5^ or 1 MNaCl plus 2.5 M urea^, were found capable ofremoving all 
three polypeptides but none of the manganese from the thylakoid. Numerous other washing procedures 
have also been developed which can selectively remove the extrinsic polypeptides and in some cases the 
manganese as well (see references R1-R3) and several such procedures can produce exceptional results. 
For instance, treatment with either deoxycholate, NH 2 OH, urea, or a medium of high pH and high ionic 
strength were each reported to remove the 33-kDa polypeptide efficiently without removing manganese. 
On the other hand, heat treatment or treatment with reducing agents such as H 2 O 2 , hydroquinone or 
benzylamine can release 80% of the manganese without removing the 33-kDa polypeptide (also see R1 - 
R3). The pattern of removal and restoration/reconstitution of the various extrinsic polypeptides and 
inorganic cofactors are presented in Fig. 2 as a framework for further discussion. 

I.B. Properties of the Three Extrinsic Polypeptides 

Analysis has established that PS II of plants and green algae contains one each of the three extrinsic 
polypeptides per P680 and -200 chlorophyll molecules. Cyanobacteria contain a 33-kDa polypeptide 
but not the homologous 17- or 23-kDa polypeptide. However, two analogous, small proteins (one 9- or 
12-kDa and a low-potential Cyt C550) were reported by Shen and Inoue^ although their roles not yet 
well elucidtaed. The 33-, 23- and 17-kDapolypeptides in plants and algae, encoded by the nuclear genes 
psbO,psbP andpsbQ, respectively, have now been purified and characterized: all are hydrophilic, with 
each consisting of a high percentage of polar amino acids^. The 33-kDa polypeptide is acidic, with an 
isoelectric point (pi) equal to 5.2, while the 23-kDa one is only slightly acidic (pl= 6.4) and the 17-kDa 
one is alkaline (pi =9.5). The released polypeptides can rebind with the thylakoids in a medium of low 
ionic strength, often with restoration of the oxygen-evolving capability (see next section). Since none of 
these polypeptides has an electronic absorption band on the long wavelength side of the major absorp- 
tion band near 277 nm, they apparently contain no other prosthetic groups, and there is no evidence that 
any ofthe polypeptide participates in redox reactions. The absence ofthe 23- and 17-kDapolypeptides 
in cyanobacteria is also consistent with the view that these polypeptides are probably not directly en- 
gaged in electron-transport reactions. 
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ai'n' showing removal and restoration of cofactors in the oxygen-evolving complex in a PS-II particle from spinach. The 

PS-II complex consists of the D1/D2 proteins, as shown in Fig. 1. Legend for the extrinsic proteins is shown at upper left 
Manganese atoms are represented by four small dots. See text for other details. Scheme adapted from Yamamoto (1989) 
Molecular organl7ation of oxygen-evolution system in chloroplasts. Bot Mag (Tokyo) 1 02; 572. 

I.C. Polypeptide Binding in PS-II Reaction Centers 

In Fig. 2, top, the oxygen-evolving PS-II complex is depicted by the D1/D2 proteins with four manga- 
nese atoms represented by small dots; the three extrinsic polypeptides are shown attached to the lumen 
side of the OEC complex. Figs. 2 (A), (B) and (C) show the results of treating the thylakoids with 0.25 M 
NaCl, 0.8 M Tris and 1 M CaCl 2 (or MgCl 2 )> respectively. In the case where all three extrinsic polypep- 
tides and Mn are removed [Fig. 2 (B)], oxygen evolving capability is lost and efforts to achieve reconsti- 
tution have so far not been successful. In the case where all three polypeptides are removed by washing 
with 1 M CaCl 2 , but none of the manganese, the oxygen-evolving activity that was lost may be effec- 
tively restored by adding back either the 33-kDa polypeptide [Figs. 2 (D)] or [Fig. 2 (E)]. However, 
these Ca^^- washed thylakoids, upon aging, eventually also lose some of their manganese [Fig. 2 (F)], 
again making reconstitution essentially unattainable. From the results discussed so far, it is clear that 
effective reconstitution of oxygen-evolution activity always requires the presence of the original, bound 
manganese, and for the stabilization of this manganese it appears necessary that the 33-kDa polypeptide 
be retained by the thylakoid membrane. These results suggest that the 33-kDa polypeptide apparently 
has the ability to stabilize the manganese atoms in the catalytic environment in PS-II reaction centers. 
Thus, it is also called the “Mn-stabilizing protein.” Conversely, it has also been found that release of 
manganese can result in destabilizing the binding of the 33-kDa polypeptide. 
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The 33-kDa polypeptide is thought to be bound directly to the D1/D2 proteins of the PS-II reaction 
center**’. Eaton-Rye and Murata** have shown that removal of 16-18 residues from the amino terminus 
of the polypeptide prevents it from being bound to the intrinsic proteins of the reaction-center core, 
probably due to the loss of carboxylate residues. Trypsin digestion of inside-out thylakoids can split the 
bound 33-kDa polypeptide, leaving a 15 amino-acid peptide chain still attached to the PS-II intrinsic 
protein and without causing manganese release or affecting the oxygen-evolution activity*^. Further 
proteolytic digestion of this remaining 15 amino-acid peptide chain, however, results in the loss of both 
manganese and oxygen-evolution activity. 

Attempts to reconstitute the thylakoids depleted of the extrinsic polypeptides by adding back indi- 
vidual polypeptides and/or the inorganic cofactors Ca^' and Cl' have been found useful for studying the 
role of these components. For instance, in the case shown in Fig. 2 (A), where the 23- and 17-kDa 
polypeptides have been released, but the 33-kDa polypeptide and manganese are still retained, oxygen- 
evolution activity is only somewhat reduced. This situation provides a variety of opportunities for carry- 
ing out reconstitution experiments. As shown in Fig. 2 (G), the portion of the oxygen-evolution activity 
that was lost can be partially restored by adding back the 23-kDa polypeptide or completely restored by 
adding back both the 23 and 17-kDa polypeptides [Fig. 2 (H)]. In the course of the experiments it 
became apparent that the 33-kDa polypeptide was required for the binding ofthe 23- and 17-kDa polypep- 
tides in that order, i.e., the 17-kDa polypeptide could not be reconstituted without the presence ofthe 23- 
kDa polypeptide. The 23- and 17-kDa polypeptides are readily removed simply by salt washing, while 
the release ofthe 33-kDa polypeptide requires either an alkaline pH, high concentrations of divalent 
ions, or urea. When all the results are taken together, it is apparent that the 33-kDa polypeptide is prob- 
ably bound directly to the intrinsic proteins ofthe reaction center through both hydrophobic and electro- 
static interactions, whereas principally the 23-kDa polypeptide is bound in turn to the 33-kDa polypep- 
tide and the 17-kDa polypeptide to the 23-kDa polypeptide, mainly through electrostatic interactions. It 
is of interest to note that, in spite ofthe binding mode suggested above, a PS-II complex containing the 
33-, 23- and 17-kDa polypeptides but no manganese has not yet been reported. There is also no evidence 
that the 33-kDa polypeptide is essential for manganese binding, since the 33-kDa polypeptide can be 
released without any ofthe manganese being lost [see Fig. 2 (C)]. 

I.D. Interaction of the Extrinsic Polypeptides with Ca^* and Ct 

The oxygen-evolution activity ofthe thylakoids depleted of only the 23- and 17-kDa polypeptides may 
also be restored by the addition ofhigh concentrations of 5 mM [Fig. 2 (J)] or Cl' (Si 00 mM )[Fig. 
2 (K)], the 23- and 17-kDa polypeptides not being needed*^. These results led to the suggestion that the 
23- and 17-kDa polypeptides only have an auxiliary role, possibly to simply facilitate the binding ofCa^’^ 
and Cl' and/or to concentrate these ions at the catalytic site. Numerous instances can be found in the 
literature (see R1-R3) demonstrating the concentrating effect of the 23- and 17-kDa polypeptides on 
Ca^"^ andCI'in a preparation that had been depleted of both the 23- and 17-kDa polypeptides. A dramatic 
example of such a concentrating action by the 23-kDa polypeptide has been shown by Andersson, 
Critchley, Ryrie, Jansson, Farson and Anderson*"*. As shown in Fig. 3, the oxygen-evolution activity of 
inside-out vesicles that had been lost upon depletion of the 23- and 17-kDa polypeptides, can be restored 
by the addition of^lOO mM Cl' [also see Fig. 2 (K)] but if the 23-kDa polypeptide is added back to the 
polypeptide-depleted vesicle, maximum oxygen-evolution activity can be achieved with the addition of 
only ~1 mM Cl' [also see Fig. 2 (F)], a requirement one to two orders-of-magnitude lower than for 
chloride ions alone. 
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Fig. 3. Oxygen-evolution activity as a function of Ch concentration in the PS-II inside-out vesicles without (o) and with (•) the 23- 
kOa polypeptide present. Figure source: Andersson, Critchley, Ryrie, Jansson, Larson and Anderson (1984) Modification of the 
chloride requirement for photosynthetic oxygen evolution. FEBS Left 168; 115. 

From what we have seen thus far, it is reasonable to conclude that one important function of the 
extrinsic polypeptides in photosystem II is to maintain the binding of the inorganic ionic cofactors 
andCr. The other major function, particularly that of the 33-kDa polypeptide, is to protect the oxidizing 
state of the manganese complex by shielding it from being attacked by nearby reducing species. The 
possible functions of the ionic cofactors and Cl' will be discussed next. 



II. Functional Role of the Inorganic Cofactors in Oxygen Evolution 

It is well established that both Ca^* and Cl" are essential cofactors for the oxidation of water to oxygen, 
i.e., for the sequential oxidation of the manganese-containing OEC through a series of S-states. During 
the past two decades, a vast amount of work has been reported on the binding and function of Ca^'^ and 
Cl” in the oxygen-evolving complex (see references R1-R3 for further details). In the remainder of this 
chapter, we will present some aspects of the functional roles of these two cofactors in photosynthetic 
oxygen evolution as revealed by EPR spectroscopy. As we have already seen, EPR spectroscopy can 
specifically identify the S 2 -state and therefore can be an extremely useful tool for examining the role of 
these inorganic cofactors. 



II.A. Chloride 

As chloride ions are commonly present in the organelles themselves as well as the media used for 
isolating and suspending thylakoids, it would be rather unusual to encounter a situation where there was 
a physiological chloride deficiency. Interestingly, Warburg and Eiittgens*^ had already discovered the 
CT requirement in photosynthesis more than fifty years ago, but it took several decades after that initial 
discovery to recognize that the Cl ' requirement is related to the water-oxidizing site of photosystem II. 
Most procedures for studying the Cl”-requirement involve impairing oxygen evolution through Cl“ deple- 
tion first, and then repairing the damage by re-incorporation of Cl”. Common methods for depleting Cl” 
from its binding site in thylakoids is to incubate them in media containing such anions as or F” that 
are known not to support water-oxidizing activity, but will fulfill all the structural functions of Cl”. 





370 



Another method is to equilibrate the thylakoids in a medium ofhigh-pH (8-9), i.e., high concentration of 
OH All these procedures would appear to involve displacement of Cl' by other anions and suggest 
that association of Ci“ at the site of water oxidation may involve electrostatic forces. This notion is 
consistent with the observation that the 23-kDa polypeptide which contains a high percentage of polar 
residues is released when Cl' is removed and reattached upon readdition of Cl'. Although Cl' is the 
physiological cofactor, it is not specific and may be replaced by (in decreasing order of effectiveness) 
Br~, NOj', r, etc. The reported stoichiometry of Cl" varies over a wide range, from ~4 to 40 or more per 
PS-II reaction center. 

In the early 1980s, Critchley, Baianu, Govindjee and Gutowsky*’’ applied nuclear magnetic reso- 
nance (NMR) spectroscopy to study the binding ofCl~ to the photosynthetic membrane. They showed 
thatCr associate with and dissociate from the chloroplast membrane freely and rapidly. These findings 
led these authors to suggest that binding of an anion such as Cl' might be linked with the increase in 
positive charge during the S-state advance and that the release ofCl " might coincide with the release of 
protons. 

It was shown by Ono, Zimmermann, Inoue and Rutherford*^ that when Cl' in an oxygen-evolving PS- 
II membrane (the BBY preparation) is removed by SO^“ substitution at pH 7.5, it loses its oxygen- 
evolution ability as well as its ability to display the multiline EPR signal characteristic of the Sj-state 
upon illumination. This is shown in Fig. 4 (A), where illumination of the Cl'-containing thylakoids at 
200 K for 4 minutes to accumulate the S 2 -state results in the multiline EPR signal between 2500 and 
4000 G typical of the S 2 -state [spectrum (a)], whereas in the Cl'-depleted thylakoids, the same illumina- 
tion produced no resolved multiline signal [spectrum (b)]. Note that both signals are presented in Fig. 4 
(A) as light-minus-dark difference spectra so that background signals have been eliminated. Note that 
the g=4.1 EPR signal between 1200 and 2000 G, which is also considered to arise from the S 2 -state of the 
oxygen-evolution complex, is formed in both spectra, apparently unaffected by Cl'depletion. 

g= 6 5 4 3 2 




Fig. 4. Effect of chloride depletion on the multiline EPR signals recorded at 9 K induced by illumination for 4 minutes at 200 K (A) 
and by a single flash at 0 °C (B). In (A), spectra (a) and (b) are for control and Cl'-depleted samples, respectively. Both spectra are 
light-minus-dark differences. In (B), spectrum (a) is for Ch -depleted PS-II particles, (b) for sample (a) reconstituted with Cl- before 
flash illumination, and (c) for sample (a) to which Cl- was added immediately after illumination followed by mixing in the dark for 40 
seconds at 0 ®C before being rapidly cooled to 77 K. Figure source: Ono, Zimmermann, Inoue and Rutherford (1986) EPR 
evidence for a modified S-state transition in chloride-depleted photosystem II. Biochim Biophys Acta 851 : 195, 196. 

In Fig. 4 (B), it is further shown that the Cl'-depleted thylakoids can be reconstituted with 100 mM Cl' 
either before or after the sample is illuminated. In the case of the previously illuminated sample. Cl' 
addition was followed by a brief mixing at 0 °C in the dark and then rapid freezing to 77 K. The sample 
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conditions for spectrum in Fig. 4 (B, a) were the same as for spectrum in Fig. 4 (A, b). For spectrum of 
Fig. 4 (B, b), Cr was re-added to the CF-depleted thylakoids which were then illuminated with a l5-ns 
Nd-Yag laser flash (530 nm) at 0 °C. In this case, restoration of the multiline signal and oxygen evolution 
were, ~70 and -80%, respectively, ofthe CF-containing control. More interestingly, after flash illumi- 
nation of a CF-depleted sample, re-addition of CF in the dark after the flash brought out a substantial 
multiline EPR signal [spectrum in Fig. 4 (B, c)]. Separate kinetic measurements showed that the species 
or state responsible for this somewhat less resolved S 2 -signal was much more stable than that for the 
normal S 2 -sigiial, the decay times (h/J for the two signals being 10 and 0.5 minutes, respectively. Conse- 
quently, the proportion ofnormal S 2 -signal produced by the addition ofCFto the previously illuminated 
and cr -depleted thylakoids would depend on when the CF reconstitution was made. From these results, 
Ono et al}'^ suggested that illumination of CF-depleted thylakoids can store an oxidizing equivalent and 
generate a “modified” S 2 EPR signal which displays no multiline structure. As the normal multiline S 2 - 
signal is attributed to interactions in a mixed-valence manganese cluster, the formation ofthe modified 
S 2 'Signal may be interpreted as due to some structural perturbation of these interactions in the absence of 
CF. 

The role of CF in oxygen evolution has been variously described as: (a) providing, in conjunction with 
the extrinsic polypeptides, an environment that protects the functional manganese cluster from being 
attacked by external reductants; (b) serving a regulatory role in S-state turnover or stabilization of the 
accumulated oxidizing equivalents a site near but not on manganese; (c) acting as a bridge ligand to 
directly bind manganese, implying manganese in an intimate association with the process of electron 
transfer and storage of an oxidizing equivalent by the S-states; and (d) mediating in some way proton 
translocation^^. With regard to the bridge-ligand role of Cl~, it should be noted that earlier EXAFS 
results^' (see Chapter 19, Section VI) actually failed to detect the presence ofCF in the first coordination 
shell of manganese. However, subsequent work by Yachandra et al?^ suggested indirectly, through Br“ 
replacement that Cf is, in fact, bound to the manganese. 

II.B. Calcium 

As noted above, release ofthe 23- and 17-kDapolypeptides from the PS-II thylakoids, say, by washing 
with 1 M NaCl, and without Ca^'^ present results in the loss of oxygen-evolving activity, and re-addition 
ofthe polypeptides alone to the extracted thylakoids does not restore oxygen evolution [see Fig. 2 (A)]. 
On the other hand, re-addition of a high concentration (>10 mM) of Ca^'^ alone can at least partially 
restore the activity^^’ [see Fig. 2 (J)]. As previously noted, when the extracted thylakoids are reconsti- 
tuted with the polypeptides to restore oxygen-evolution activity following a period of incubation, re- 
quirement for Ca^^ is much lower («1 mM) than if the polypeptides are not added back. These results 
suggest that (a) Ca^'^ is a cofactor required for oxygen evolution; (b) it is probably released simulta- 
neously with the 23- and 17-kDapolypeptides by salt washing, and (c) the polypeptides apparently have 
the function of concentrating Ca^^ at the site of action in the oxygen-evolving complex. Of the two 
extrinsic polypeptides, the 23-kDa one has the most influence on binding. The fact that reconstitu- 
tion by Ca^'^ alone takes place immediately without the presence of the extrinsic polypeptides, while an 
incubation period is needed with the polypeptides present^^, suggests that the binding site for Ca^'^ may 
be located in the protein interior and time is required for Ca^* penetration. 

Cammarata and Cheniae^^ found that purified photosystem II of spinach contains two Ca^*^ per reaction 
center. Ono and Inoue^^ found that treating the thylakoids with citrate at pH 3 selectively releases only 
one ofthe two Ca^^ in the PS-II reaction center. The low-pH treatment also removes the 23- and 17-kDa 
polypeptides, but they rebind to the thylakoid when the pH is raised to 6.5, after washing to remove the 
free Even with all three extrinsic polypeptides intact, oxygen evolution in the citrate-treated thyla- 
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koids is inhibited but can be restored to ~80% by adding exogenous Ca^'^ at neutral pH. These results 
suggest that the low-pH treatment apparently releases the that is specifically functional in oxygen 
evolution and probably involves protonation of the carboxylate residues (aspartate and glutamate). Ca^* 
is most likely ligated by the carboxylate groups in the intrinsic proteins rather than by the extrinsic 
polypeptides, as reconstitution of oxygen-evolution activity can be effected by alone without the 
presence ofthe 23- and 17-kDa polypeptides. 

Unlike Cl“, whose reactivating effect may be achieved by a number of different kinds of anions with 
variable effectiveness, the action of Ca^'* is more specific, with only having been found to be a 
viable substitute, and then with much lower effectiveness. Monovalent cations (Na\ K*, Cs^) act as 
inhibitors of oxygen evolution, as do Cd^’^ and La^" which are known inhibitors in other Ca^*-binding 
proteins. Ca^"^ in photosystem II may be quantitatively removed by La^'* displacement, with a simulta- 
neous release of the 23- and 17-kDa extrinsic polypeptides. Washing of La^'^-treated thylakoids can yield 
a PS-II preparation free of as well as La^*. The apparent similarity between Ca^^ and lanthanide 
action in thylakoids and other Ca^Ubinding proteins led Ghanotakis, Babcock and Yocum^^ to suggest a 
role for Ca^'^ in the stabilization of the structure of the manganese cluster. 

Earlier studies on the effect ofCa^'" depletion in thylakoids on S-state advancement has resulted in a 
considerable amount of controversy [see reference R1-R3]. Many laboratories reported thatCa^'^ deple- 
tion prevents the formation ofthe multiline EPR signal characteristic ofthe S 2 -state, On the other hand, 
Boussac and Rutherford^^ reported that Ga^*^ depletion does not inhibit the formation ofthe EPR signal 
of the modified S 2 -state. Ono and Inoue^^ found that thylakoid membranes depleted of Ca^^ require a 
higher temperature (-5 °C) for the formation of the S^-state and that the EPR line spacing changed from 
89 to 65 G. Eurthermore, illumination at -60 °C generated neither the multiline nor the g=4.1 EPR 
signals. 

When the Ca^'^-depleted thylakoid in the S2-state with the modified multiline EPR signal is further 
illuminated at ~0 °C, the S 2 ->Sj transition apparently still takes place and the modified multiline signal 
of the S 2 -state is replaced by an EPR signal split by 164 G and centered atg»2.0 which is characteristic 
of an organic radical, as shown in Pig. 5 (A). Boussac, Zimmermann and Rutherford^® interpreted the 
change as due to an S 2 ->Sj transition, but that instead ofthe manganese cluster acquiring an oxidizing 
equivalent, as would be anticipated, the amino acid histidine (His) was oxidized to His^, giving rise to 
the free-radical EPR signal. His-190 (or possibly His-332) in D1 is the most likely candidate, as each is 
thought to be a ligand to manganese. The 164-G signal is found when the sample is flash illuminated and 
immediately frozen in the dark and the signal is measured at 15 K. It was suggested that the shape ofthe 
EPR signal is due to the histidine radical interacting magnetically with the mixed-valence manganese 
cluster. The S-state transition cycle is apparently blocked at this “Ss-state,” with the oxidized secondary 
electron donor no longer able to be reduced, thus inhibiting oxygen evolution. When the thylakoid is 
further illuminated in this state, the photooxidized P680^ is re-reduced by instead of by or Z. 

The proposed histidine oxidation during the S 2 ->S 3 transition in the Ca^'^-depleted thylakoid mem- 
brane is independently supported by the ultraviolet difference spectrum that accompanies the same pro- 
cess®*. Prom the previous description in Section II of Chapter 16, the S 2 ‘Qa-> S 3 'Qa” transition (the 
transient intermediate, Z-[P680-O], in Sn-Z-[P680'O]- Qa being omitted for brevity) in the Ca^''-depleted 
membrane measured in the presence ofDCMU by an appropriate flash sequence would yield the UV 
spectral absorbance change [AA(S 3 -S 2 ) + AA(Qa"-Qa)]- The absorbance change due to the Qa->Qa’ 
transition may be measured separately with a similar sample but in the presence ofDCMU and the net 
absorbance difference for the Sj->S 3 transition then obtained by subtracting AA(Qa'-Qa) for the 
change from that of the total change. The result is shown in Pig. 5 (B) by the solid curve through the 
small open circles. The dashed spectrum is taken from the literature for that of the oxidized histidine 
radical generated by radiolysis at pH 9.2. The similarity between the difference spectra between 250 nm 
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and -400 nm is very good. As the histidine-radical spectrum corresponds to an OH* adduct, it is likely a 
relevant intermediate in the water-oxidation process. 

It is also of interest to note that on the basis ofEXAFS measurements (see Chapter 19 ) histidine ligated 
to the manganese atom has previously been proposed as the storage vehicle for an oxidizing equivalent, 
instead of manganese, during the S2— transition. Note that the UV difference spectrum for the 
S2— >Sj transition in the Ca^^-depleted membrane appears similar but not identical to that in the normal, 
active enzyme described in Chapter 20 . It has been suggested that environmental differrences for the 
same species present in the S3-state might be responsible for the spectral difference. 

The above-mentioned interpretation of the split EPR signal for the S2— >83 transition in the Ca^^-de- 
pleted membrane was subsequently disputed by Hallahan, Nugent, Warden and Evans^^. These authors 
suggested that Y z*, the secondary electron donor residing on the oxidizing side of photosystem II, may 
be responsible for the split EPR signal observed during the S2— >83 transition in the Ca^'^-depleted chlo- 
roplast thylakoid membrane. They reported the detection of a light-induced, long-lived Yz”^ EPR signal 
at room temperature under a condition in which the split EPR signal is formed during the 82->83 transi- 
tion. However, Boussac and Rutherford argued that the discrepancy arose from an experimental proce- 
dure or the signal may have originated from the acceptor side. 





Fig. 5. (A) S 3 EPR signal induced by flash illumination of Ca’*-depleted thylakoid at 20 °C. Sample was immediately frozen in the 
dark and EPR measured at 1 5 K. (B) flash-induced absorbance changes accompanying the S^-^S, transition in the Ca^*-depleted 
thylakoid membrane. Figure source: (A) Rutherford, Boussac and Zimmermann (1991) EPR studies of the oxygen evolving 
enzyme. New J Chem 15: 496; (B) Boussac, Zimmermann, Rutherford and Lavergne (1990) Histidine oxidation in the oxygen- 
evolving photosystem-ll enzyme. Nature 347: 305. 
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R2. DF Ghanotakis and CF Yocum (1992) Photosystem II and the oxygen-evolving complex. Annu Rev Plant 
Physiol 41: 255-276 

R3. CF Yocum (1992) The calcium and chloride reguirements for photosynthetic water oxidation. In: VL Pecararo 
(ed) Manganese Redox Enzymes, pp 71-83. VCFI PubI 
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Fig. 1. (A) Model for photosystem II and (B) oxidizing and reducing reactions to the left and right, respectively, of the primary 
charge-transfer pair. The secondary electron donor to P680* is denoted as Z or Yj. 
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Photochemistry in the PS-II reaction center begins with the electronic excitation of the primary donor 
P680, followed almost immediately hy transfer of an electron from P680' to the primary electron accep- 
tor, pheophytin (O). This is followed hy a rapid transfer from reduced pheophytin to Qa and then from 
Qa to Q| 3 , etc. (see Fig. 1). On the oxidizing side, each successive oxidizing equivalent generated hy the 
reduction of P680' is stored in the form of a so-called “S-state” of a manganese-containing complex. 
When four equivalents have been accumulated, the S 4 -state spontaneously releases them in the form of 
a molecule of oxygen derived from two molecules of water. The electrons released by the oxygen- 
evolving complex (OEC) are transferred to P680'^ via an intermediate species, called “Z” (also referred 
to as “Y^”): H,0->S-states ->Z-> P680*. Thus Z is an electron-transfer interface between P680* and the 
manganese-containing complex acting as a “four-electron gate.” The description of this secondary elec- 
tron donor to P680^ is the subject of this chapter and is based mainly on information obtained by EPR 
spectroscopy. 

I. The Secondary Electron Donor of Photosystem II - EPR Spectroscopy 

EPR spectra of free radicals in biological materials were discovered by Barry Commoner and co work- 
ers* more than forty years ago. EPR spectra, including that related to the secondary electron donor of 
photosystem II, were initially observed by Commoner, Heise and Townsend^. The free-radical EPR 
signal -10-G wide with a g-value of 2.002 in tobacco chloroplasts was called by these workers signal 
“SI” [“S” coming from the word signal and “I” (=one) presumably referring to the first signal observed]. 
The amplitude of this signal was found to increase with increasing intensity of illumination, and to 
decrease in the dark. This discovery immediately led these workers to surmise that this light-induced 
signal may have its origin either in the excited state of chlorophyll or a related oxidation-reduction 
product (of chlorophyll). The following year, at Calvin’s laboratory, it was found that the Sl-signal could 
also be generated by light at -140 °C^, indicating that the signal was originated in an elementary photo- 
chemical process in photosynthesis rather than in a more complex enzymatic reaction. Note that the 
designation of the signal as “SI” turned out to be a rather fortunate coincidence, as it was later shown that 
the Sl-type signal is produced by oxidation of primary donor of the reaction center of photosystem I^. i.e., 
P700. A similar EPR signal is also produced by the primary donor of photosynthetic bacteria, i.e., P870. 

A second type of light-induced signal^ obtained from green-plant material was called “SII” (for the 
second signal found) and had a g-value of 2.0046, a 20-G linewidth and a partially resolved hyperfine 
structure with 5 G between line centers, but unlike SI, persisted for hours after the light was turned off. 
Because of the slow decay, this signal was later also called Sllg (subscript “s” for slow). Although the 
amplitude of SI Is also increases with increasing light intensity, it reached the maximum amplitude with 
a much lower light intensity than did the Sl-signal. 

The identification of the SI- and Sll-type signals with photosystems I and II, respectively, was made 
rather early by a number of workers, in fact at a time when the two-photosystem concept was just 
beginning to emerge. Beinert, Kok and Hoch"* showed P700* to be the optical equivalent ofthe SI signal 
based on their similar redox properties. Furthermore, Vernon, Shaw and Ke^ also demonstrated that SI is 
preferentially associated with the subchloroplast particles that are enriched in P700 after fractionation 
by Triton. Weaver and Bishop^ showed that mutant algae which lack oxygen-evolution ability also lack 
the Sll-type signal. In addition, Treharne, Brown and Vernon^ found a direct correlation between the SII 
signal and Hill activity in chloroplasts. Note that the designation of the signal with “II” also turned out to 
be a happy coincidence, as the Sll-type signal was eventually found to have its origin in the photosyn- 
thetic apparatus of photosystem II. 
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In 1975, Babcock and Sauer* found that if the chloroplasts are treated, say, with either Tris, NH 2 OH or 
a chaotropic agent, by heating or aging to inactivate their oxygen-evolution activity, the light-induced 
EPR signal is similar but much larger than that of an untreated sample. The EPR spectra for a Tris- 
washed [Pig. 2 (A)] and a heat-treated sample [Pig. 2 (B)] are shown (a) in the dark before illumination, 
(b) during illumination, and (c) in the dark after illumination, respectively. Upon illumination, spectra 
with a large amplitude developed within a few seconds, and about half of the original signal had com- 
pletely decayed after illumination was terminated. The kinetics of the EPR-signal changes induced by 
illumination may be conveniently examined at the low-field maximum (3381 G) of the two samples, as 
shown in Pig. 2 (C) and (D). As shown by the kinetic trace in Pig. 2 (C) recorded at 3381 G by alternately 
illuminating Tris-washed chloroplasts with 710 and 680 nm light, the formation of the Sllf signal is 
much more effective with red light (<690 nm) than with far-red light (>710 nm). These results are in 
accord with the earlier conclusion that Sllf originates from photosystem II. The assignment of the SIIj- 
signal to photosystem II is further corroborated by the finding that Sllf is eliminated by DCMU. When 
measured with short excitation flashes and better time resolution, the formation of the Sll-type signal 
was found to have a risetime of <500 ps and to be formed with a high quantum efficiency, hollowing the 






(D) 



Fig. 2. Signal II in Tris-washed (A) and heat-treated chloroplasts (B) under various illumination conditions: (a) dark-adapted, (b) 
under illumination, and (c) dark after illumination. (C) Kinetics of light-induced changes of Signal II monitored at 3381 6 for Tris- 
washed chloroplasts. (D) Effect of red and far-red light on Signal II in heat-treated chloroplasts. See text for discussion. Figure 
source: Babcock and Sauer (1975) A rapid, iight-induced transient electron paramagnetic resonance signal II activated upon 
inhibition of photosynthetic oxygen evolution. Biochim Biophys Acta 376: 317, 320. 
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flash, a portion ofit, which Babcock and Sauer^called “Sllf ” (“f ’ for “fast”), decayed with a halftime or 
400-600 ms, and suggested that it represents a species outside the water-oxidation pathway that com- 
petes with water for the oxidizing equivalent from P680\ The rate of decay of the SIl(-signaI, however, 
depends on the ambient redox potential, being faster the more reducing the medium, indicating that it is 
an oxidized species. The decay rate was found to be accelerated by as much as tenfold in the presence of 
hydroquinone or reduced phenylenediamine, compared to the rate in the presence of ferricyanide. Fur- 
thermore, the amplitude of the SII(-signal is inversely proportional to the oxygen-evolving ability of the 
sample; the more oxygen evolution is inhibited, the larger the Sllf signal, as shown in Fig. 3 below. 

Soon after the discovery of the Sllf signal, it was found that in the case of active oxygen-evolving 
chloroplasts an even faster decaying Sll-type EPR signal can be produced by using a very short flash for 
excitation. Blankenship, Babcock, Warden and Sauerg called this signal “Sllyf” (“vf’ for “very fast”). 
Although the rise time of Sllyf was not resolvable with the time resolution then available (~100 ps), it 
could be established that the decay time of the Sll^f signal was 400-900 us, which is three orders-of- 
magnitude faster than that of the Sllf signal. The decay time is independent of temperature between 20 
and 4 °C, but below 4 °C the decay requires an activation energy of 10 kcal-moF'. Below -40 °C the 
signal is not formed. The authors suggested that the Sll^f signal arises from the very rapid oxidation and 
reduction of the electron donor Z and therefore might be expected to have very rapid kinetics only in 
chloroplasts capable of oxygen evolution. When oxygen evolution is inhibited, it is expected that the 
reduction of the oxidized secondary donor Z”" would be retarded, and the slowly-decaying signal, Sllf, 
would be observed. According to this model, the amplitude ofthe Sll^f signal would be expected to be 
directly proportional to the oxygen-evolution activity ofthe sample. As shown by the plots in Fig. 3, 
when the chloroplasts are heat treated (or Tris-washed), oxygen-evolution activity and the Sllyf-signal 
amplitude decrease in parallel. After the chloroplasts have been held at 50 °C for 250 5, both oxygen- 
evolution activity and the Sllvf signal amplitude have decreased to about 5% ofthe original level, while 
the Sllf signal has grown to a maximum level. 





Fig. 3 (left). Amplitude of Signal 11^, and Signal II, (both measured at 3381 G) and rate of oxygen evolution of chloroplast at room 
temperature as a function of time of heating at 50 °C. Flash-induced signal trace was obtained by signal averaging 4096 flash- 
excited events. Figure source; Warden, Blankenship and Sauer (1976) A flash photolysis ESR study of photosystem II signal //,,, 
the physiological donor to P680'. Biochim Biophys Acta 423: 466, 

Fig. 4 (right). Effectiveness of red and far-red light flashes for the generation of Signal !!„( (monitored at 3381 G) in spinach 
chloroplasts. Figure source: ibid 423: 467. 
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As with Sllf, formation of the Sllvf signal is also readily produced by red-light (<680 nm), while far- 
red light (>710 nm) is ineffective, as shown by the flash-induced EPR transients in Fig. 4. 

The above studies also showed that the stoichiometry of the Sllvf signal and the SI signal of P700* 
corresponds to about one equivalent per reaction center (i.e., 300-400 chlorophyll molecules). Subse- 
quently, Babcock, Ghanotakis, Ke and Diner examined the properties of the EPR signal, including its 
kinetics, from several highly purified PS-II particles and thylakoids from spinach, pokeweed and Chlamy- 
domonas reinhardtii. Spin quantitation using potassium nitrososulfonate as a spin standard again veri- 
fied one Sn spin (arising from Z*) per P680 in PS-II reaction centers. 

We now briefly summarize the various designations used for the three Sll-type signals and the corre- 
sponding chemical species that give rise to these signals. Since the shapes of all three Sll-type signals 
(i.e., SIIs, Sllf, and Sllvf) are identical, it is reasonable to suppose that the signals are simply manifesta- 
tions of the same chemical species but present under different conditions. At the present time, both Sllvf 
(in oxygen evolving chloroplasts) and Sllf (in oxygen-evolution inactive chloroplasts) are thought to 
arise from Z\ following abstraction of an electron directly by P680* in photosystem II. On the other 
hand, Sllg is thought to arise from the oxidation of D or Y^, which is chemically similar to Z but a 
separate entity which, unlike Z, is not located on the physiological electron-transfer pathway. These 
features are summarized in Fig. 5 below. As will be discussed later in this chapter, both Z and D are 
amino-acid residues: Z is tyrosine- 161 (Y 161) on the intrinsic protein D1 while D is tyrosine- 160 (Y 160) 
on the intrinsic protein D2, these proteins being the major building blocks of the PS-II reaction center. 
The alternative designations, Y^ and Yq, reflect these newer findings. 




Fig. 5. Scheme for electron transfer on the oxidizing (left) and reducing (right) sides of the primary donor P680. 



I.B. Electron-Transfer Kinetics in the Reduction of P680* 

Given that Sllvf arises from the redox behavior of the electron donor, Z, located on the oxidizing, or 
electron-donor, side of photosystem II, its kinetic behavior should serve as a useful probe of electron 
transfer on the oxidizing side of photosystem II. As known from spectroscopic studies (also see Chapter 
23), Z donates an electron to PbSO"" in ~30 ns, and this would be the expected risetime for the formation 
of the Sllvf signal as well. In 1977, Blankenship, McGuire and Sauer" measured the rate of Sllvf forma- 
tion to be approximately 20± 1 0 jjs, leading the authors to suggest that Z may be an intermediate between 
P680 and the species responsible for Sllvf rather than Sllyf itself. 
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The available time resolution ofEPR spectrometers, however, is far from adequate for directly mea- 
suring the risetime of Sll^f if it indeed represents the Z->Z* reaction. In 1983, Boska, Sauer, Buttner and 
Babcock*^ washed an oxygen-evolving, spinach-chloroplast fragment (the BBY preparation) enriched 
in photosystem II with Tris, thereby converting the Sll^f signal into the much more slowly decaying Sllf. 
If Z, the immediate electron donor to P680'’, is the species that does give rise to the Sllf signal, then the 
risetime for the formation of Sllf («>., Z~^Z*) should still match the reduction time of P680^ 

P680 ->P680). These reaction times could be measured with the resolution then available. The risetime 
of SlI,- formation and the decay time of the EPR signal of P680'^ were measured at 2-jjs resolution and at 
two different pHs as shown in Eig. 6. All kinetic traces were signal-averaged as indicated in the legend. 
Time zero represents the moment the 640-nm dye-laser pulse (0.3-0.5 /iv duration) was fired. A smooth 
line was computer fitted to each kinetic trace. As shown in Eig. 6 left, the risetime for Sllfformation and 
the decay time for P680^ are both 15 /zy at pH 5.2; at pH 6, the respective rates are 9 and 8 jus. At the 




0 100 0 100/iS 

P680"^ signal decay kinetics 




5 105 205 5 105 205 jis 




Fig. 6. Signal-averaged traces and computer fit of light-induced transient EPR signals in Tris-washed PS-II particles isolated from 
spinach chloroplasts. Top: Signal II, measured at its low-field maximum; signal averaged from 40,000 excitations. Middle: Decay 
kinetics and computer fit of the EPR signal of P680*. Signals were averaged from 1 0000 excitations at pH 5.2 and 20000 excita- 
tions at pH 6. Bottom table is a summary of the various decay times obtained by EPR and absorption spectroscopic measure- 
ments. Figure source: Boska, Sauer. Buttner and Babcock (1983) Similarity ofEPR signal II, and P680* decay kinetics in Tris- 
washed chloroplast photosystem II preparations as a function of pH. Biochim Biophys Acta 722: 329. Optical spectroscopic data 
taken from Reinmann, Mathis, Conjeaud and Stewart (1981) Kinetics of reduction of the primary donor of photosystem II Biochim 
Biophys Acta 635; 429-433. 
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bottom of Fig. 6 is a summary of the results derived from the EPR data at four pHs along with corre- 
sponding data measured by Reinmann and Mathis, Conjeaud and Stewart'^ by means of optical spectros- 
copy. These results not only clearly show a direct kinetic coupling between the two reactions, but in 
addition they also support the parallel dependence ofthe rates on pH as obtained by absorption and EPR- 
spectroscopy. These results confirm that both Sllfand, by inference, Sllyf, represent the immediate elec- 
tron donor to PbSO”^ in photosystem II. 

Subsequently, Boska and Sauer^"^ reinvestigated the risetime of the Sllyf signal at 3 /is resolution and 
found it was still instrument limited. However, with this improved resolution it was revealed that the 
decay of Sllyf, recorded after multiple-flash signal averaging, actually consisted of not one, but two 
exponential components, with 40% of the signal having a decay time of 1 ms, as previously reported, and 
the remaining 60% with a decay time of only 50 fjs. This bi-exponential decay is consistent with the 
notion that the different S-states generated by successive flashes would be expected to feed electrons to 
Z* at different rates (see discussion in the following section). In any case, the finding that the risetime of 
the Sllvf signal is not more than 3 /is seems to have eliminated the possibility suggested earlier' ' that Z 
might be an intermediate between P680^ and some species represented by Sll^f but not the species itself. 
All these results, when taken together, strongly support the identification of the species giving rise to 
Sllvf signal as the physiological electron carrier, Z, the immediate electron donor to P680*. 

In the case of active, oxygen-evolving chloroplasts, Z is not only very rapidly oxidized by P680'^, but 
the oxidized Z”' is, in turn, rapidly reduced by water molecules through the turnover ofthe S-states. Only 
when the electron-transfer pathway from the OEC becomes blocked and chloroplasts lose their oxygen- 
evolution activity, does the reduction of Z" become much slower. In the previous discussion in Chapter 
20 on the kinetics ofthe S-state transitions, we presented the work ofDekker, Plijter, Ouwenhand and 
van Gorkom'^ in which light-induced absorbance changes in the oxygen-evolving complex were mea- 
sured to determine the rate for each individual S-state transition. At 1 5-/zs time resolution, the oxidation 
times ofthe S-state changes induced by consecutive flashes were estimated to be 30±10, 110±20, 350±50 
and 1300±100 /us for the So-»S|, S|-»S 2 , S 2 ~>S 3 and S 3 ->(S 4 )->S(, transitions, respectively. 

In Eig. 7, each advance ofthe S-state during the transition cycle represents an oxidation coupled to the 
reduction of Z' . Thus the oxidation rate for each of these S-state transitions is expected to match the 
decay rate of the coupled Z*-^Z reaction. The rates of Z^decay, as represented by the rates for the decay 
of the Sllyf signal following each flash in a train of flashes were measured by Babcock, Blankenship and 
Sauer'® back in 1976. When these decay values measured by EPR spectroscopy and those subsequently 




Fig. 7. Comparison of the S-state transition kinetics derived from absorbance changes and the kinetics of Z* reduction rates 
obtained from EPR changes. Data sources: Dekker, Plijter, Ouwenhand and van Gorkom (1984) Kinetics of manganese redox 
transitions in the oxygen-evolving apparatus of photosynthesis. Biochim Biophys Acta 767; 178; Babcock, Blankenship and 
Sauer (1 976) Reaction kinetics for positive accumulation on the water side of chloroplast photosystem II. FEBS Lett 61 : 288; 
Boska and Sauer (1984) Kinetics of EPR signal tl,^ in chloroplast photosystem II. Biochim Biophys Acta 765; 84-87. 
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measured by optical spectroscopy for the corresponding S-state changes by Dekker et al.^^ are com- 
pared, they are seen to be in very good agreement. The EPR and optical times for each of the four S-state 
changes are represented in the diagram in Fig. 7 as Z*->Z and Sp-^Sn+i, respectively. As noted earlier in 
Chapter 20, each successive transition in the S-state cycle measured by optical spectroscopy becomes 
slower by a factor ~3.5, and this same approximate relation appears among the times measured by EPR 
spectroscopy also. This trend has been interpreted as due to an increase in the number of oxidizing 
equivalents in the S-state by one with each S-state and consequently an increase in the electrical repul- 
sion between it and the positively charged secondary donor Z* ■ 

II. Chemical Identity of the Sll signais 

For many years, the question of the identity of the species responsible for the Sll-signal has centered 
on the notion that it may be a quinone molecule, as suggested initially by Weaver^^ in 1962 and subse- 
quently also by others. The quinone idea gained particular support from the experimental work of Kohl 
and Wood** who found that hexane extraction ofplastoquinone from spinach and tobacco chloroplasts 
resulted in a decrease of the Sll-signal amplitude on a total chlorophyll basis, and at the same time an 
increase in the Sl-to-SII ratio. Reconstitution of these extracted chloroplasts with plastoquinone par- 
tially recovered the lost SII signal amplitude. Furthermore, reconstitution of the extracted chloroplasts 
with fully deuterated plastoquinone gave an SII EPR signal with “hallmarks” of SII observed in totally 
deuterated organisms. Kohl and Wood concluded the data to be consistent with plastosemiquinone as 
well as plastochromanoxyl free radicals giving rise to the SII signal. 

Further support for the quinone hypothesis involved comparison of SII signals with those of model 
quinone compounds. Hales and Gupta*^ interpreted features ofthe SII signal in terms of a plastoquinone 
anion. Ghanotakis, O’Malley, Babcock and Yocum^° in 1983 investigated the EPR spectra of immobi- 
lized cation radicals of a number of model hydroquinone compounds They found, for instance, that the 
EPR signal of 2-methyl-5-isopropylhydroquinone at -150 °C has the same distinctive g-value of 2.0047 
as SII and also the same line shape (but not linewidth) and similar microwave-power saturation charac- 
teristics. The suggestion that Z was a quinone was further supported by the estimated redox potential 
(>+920 mV) reported^* for the QH 2 ’VQH 2 couple for trimethylquinol, as it would be consistent with the 
redox relationship of Z relative to P680^ (£„,>+!. 1 V) and O 2 /H 2 O (£_^«+0.8 V). Further elaboration on 
plastoquinone being the donor Z was made by Renger and Govindjee^ in an earlier review. 

In the meantime, extensive efforts were made by other groups^^’^'’ in addressing the question as to 
whether there are enough quinones present to account for all the known quinone acceptors and the 
quinone now proposed as the secondary donor of photosystem II. In principle, there should be at least 
three plastoquinone molecules to account for Q^, Z (Sllvf) and D (SIIs) in purified PS-II particles, where 
Qb may or may not have been retained by the preparation procedure. Tabata, Itoh, Yamamoto, Okayama 
and Nishimura examined oxygen-evolving spinach PS-II particles, while Katoh and coworkers ’ 
investigated a highly purified oxygen-evolving complex (1300 pmole 02 /mg Chi- h) from the thermo- 
philic cyanobacterium Synechococcus sp. Both groups found only two plastoquinone molecules per PS- 
II reaction center and assigned them to and Z. Furthermore, De Vitry, Carle and Diner^®, using a 
purified PS-II complex from two Chlamydomonas reinhardtii mutants lacking photosystem I, found 
1.16± 0.14 PQ-9 molecules per PS-II reaction center, which was known to contain Q and Z. The chemi- 
cal identification ofthe secondary donor Z in photosystem II thus remained uncertain in the light ofthe 
irreconcilable conflict between the interpretation of EPR data and the actual plastoquinone content. 
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II. A. Identification of Z as Tyrosine by Isotope Replacement 

In view of the uncertainties, the search for the chemical identity of Z continued. Many similarities 
have been observed between the PS-II reaction center and that of the non-oxygen evolving, photosyn- 
thetic bacteria, including the homology of their amino-acid sequences and implied similarity in their 
three-dimensional structures, of which that for the bacterial reaction center had been recently reported. 
The insights gained from such comparisons contributed immensely to the development of other new 
experimental approaches. 

As we have seen in the introduction to photosystem II in Chapter 1 1, all the prosthetic groups function- 
ing in electron-transfer reactions are bound to the intrinsic D1/D2 protein heterodimer in the reaction- 
center core (see Figs. 1-5, Chapter 11). Furthermore, as just indicated, these two proteins show sequence 
homology with the L and M subunits of the photosynthetic bacterial reaction center. While there is a 
good functional similarity between the plant and bacterial reaction centers, at least with respect to the 
acceptor (or reducing) side, the similarity breaks down between the two proteins on the donor (or oxidiz- 
ing) side, since photosynthetic bacteria do not oxidize water. However, examination of the amino-acid 
sequence ofthe L/M and D1/D2 proteins [see Fig. 3, Chapter 11] and the structural models [see Figs. 4 
and 5, Chapter 11], shows that several amino acids, including tyrosine, can be found on the donor side 
and in the lumen region ofthe thylakoid membrane. 

By means of isotope labeling in conjunction with EPR characterization, two redox-active tyrosine 
residues could be unambiguously identified with the PS-II electron donors D and Z. Bridgette Barry and 
Jerry Babcock^^, by labeling first plastoquinone and then tyrosine, were able to demonstrate that tyrosine 
is and that plastoquinone is not the species responsible for the Sll-type signal. 

For plastoquinone labeling, the authors used a methionine mutant (Met-27) of Anabaena variabilis 
that is unable to synthesize its own methionine. As methionine is a precursor in the biosynthetic pathway 
of plastoquinone, supplying deuterated methionine to the culture medium would yield cells containing 
deuterium-labeled plastoquinones, as confirmed by separate mass spectrometric analysis. Note that this 
procedure is far more attractive than the usual procedure of extracting plastoquinone followed by recon- 
stituting with deuterated plastoquinone as had been done previously*^. The room-temperature Sllj spec- 
tra obtained from both normal and deuterated Anabaena cells are shown in Fig. 8 (A) and (B). The 
spectra were recorded in the dark after a two-minute illumination. Contrary to expectation, based on the 
prevailing notion that SII is due to PQ, cells grown in media supplemented with deuterated methionine 
show an SIIj spectrum for D* that is essentially identical to the control, with ag--value of 2.0046 and a 20 
G linewidth, indicating that Sll, in fact does not originate from plastoquinone. 

For tyrosine labeling, Barry and Babcock^^ created a functional “auxotrophic” condition for tyrosine 
in wild-type Synechocystis 6803 by adding phenylalanine to the growth medium. Under this condition, 
the synthesis of all aromatic amino acids is inhibited and the cells take up the externally supplied ty- 
rosine and incorporate it into the protein. The SII^ spectrum obtained from cells supplied with protonated 
tyrosine has the usual Sll-type signal characteristics, i.e., it is essentially the same as the protonated- 
methionine control shown in Fig. 8 (A) for the Anabaena mutant cells as well as wild-type cells (not 
shown), whereas that obtained from cells supplied with perdeuterated tyrosine still has a g-value of 
2.0043 but the linewidth is dramatically narrowed to 7 G [see Fig. 8 (C)], as if the cells had been grown 
in ^H20. Quantitation of the D* spins in the samples fed with either protonated or deuterated tyrosine 
yielded approximately the same number of D ’ radicals, the larger amplitude of the deuterated signal 
simply being due to its smaller linewidth. These results led the authors to conclude that the biochemical 
origin ofthe SIlj signal arising from the component D is a tyrosine radical. Equally significant is that the 
new results helped put an end to the notion that had been held for over three decades that plastoquinone 
is responsible for the Sll-type signal. Although the above results only demonstrated the biochemical 
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origin of D, Barry and Babcock^^ suggested that since the EPR spectra for D and Z are identical, the 
same conclusion should also apply to Z. At this point, we might point out that the tyrosyl radical has also 
been known to be involved in redox reactions in several other enzymes, including the ribonucleotide 
reductase, an important enzyme in DNA synthesis. 

With the identification of tyrosine as the direct donor(s) to PhSO”^, we will refer to Z and D from here 
on as Y 2 and Yp, as proposed by Hoganson and Babcock^^, where “Y” is the standard one-letter code for 
tyrosine. Since the physiological oxidation of tyrosine involves the loss of not only an electron but also 
a proton from the phenoxy oxygen to produce a neutral radical^^ [see further discussions below], we will 
designate the respective tyrosine radicals as Y 7 * and Yd", instead of Z"^ and D'^, or and Y^^. 






Synechocystis 6803 
(wild type) 



+ phenylalanine 
+ tryptophan 
[+ ^H-tyrosine 



Fig. 8. EPR spectra of in cyanobateria (Met-27 mutant Anabaena variabilis) grown in a medium supplemented with 90 pM 
protonated methionine (A); 90 pM deuterated methionine (B); and wild-type Synechocystis-GSOZ cells grown in medium contain- 
ing 0.5 mM phenylalanine, 0.25 mM tryptophan and 0.25 mM perdeuterated tyrosine (C). All spectra were recorded 2 min after 
illumination. The three signals were measured at a gain of 3.2, 3.2 and 5, respectively. Figure source; Barry and Babcock (1987) 
Tyrosine radicals are involved in the photosynthetic oxygen-evolving system. Proc Nat Acad Sci, USA 84: 7100. 



II.B. Identification ofZas Tyrosine by Site-Directed Mutagenesis 

After it was deduced that redox-active tyrosine was the biochemical origin of Y^.* and Y^* and the 
corresponding Slly/SIIf and SIIs signals, furtherinquiry turned to a determination ofthe precise location 
ofthe tyrosines on the PS-II reaction-center proteins by site-directed mutagenesis. By 1987, the D1/D2- 
Cyt-559 core complex prepared by Nanba and Satoh^°had already borne out the topological as well as 
functional analogy between the D1/D2 proteins of photosystem II and the L/M proteins of photosyn- 
thetic bacteria. In the meantime, a strong sequence homology between the D1/D2 and the L/M proteins 
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was also recognized [see Chapter 11, Figs. 3-5]. In an attempt to localize the oxidizing site on the D1/D2 
protein, Takahashi, Takahashi and Satoh^* used iodination of a highly purified, photosystem-II reaction- 
center complex to identify the polypeptide(s) that participate on the oxidizing side of photosystem II. It 
was found that only the 32-kDa, D2 protein was labeled by iodide treatment in the dark (following 
illumination), indicating that in this state this polypeptide contained an oxidizing component, presum- 
ably Yd that gives rise to the Sllg signal. Illumination ofthe PS-II complex in the presence ofiodide and 
the electron acceptor DCIP resulted in the preferential iodination ofthe D1 protein, indicating the pres- 
ence of another oxidizing component but on Dl, presumably Yzthat gives rise to the Sllvi/Sllf signals. 
Iodination was inhibited, however, in the presence of an external electron donor such as 1,5- 
diphenylcarbazide, which competes with iodide for electron donation. As seen from the amino-acid 
sequence of Dl and D2 in Fig. 4 of Chapter 11, each ofthe Dl and D2 polypeptides contain a segment 
ofnine highly conserved amino-acid residues, of which the fifth is a conserved tyrosine. These develop- 
ments taken together strongly suggested that Y^ and Yd were on Dl and D2, respectively, and are the 
secondary donors, making tyrosines the natural targets to be examined by site-directed mutagenesis. 

Debus, Barry, Babcock and McIntosh and Vermass, Rutherford and Hansson independently exa- 
mined the identity and location of Yd by changing tyrosine- 160 ofthe D2 polypeptide to phenylalanine 
[i.e., D2-160(Y->F)] by site-directed mutagenesis of the psbD gene that encodes the D2 protein in the 
reaction center ofthe cyanobacterium Synechocystis 6803, as the two residues have rather similar struc- 
tures but quite different redox properties. The mutant grows photosynthetically and mutation has no 
effect on its oxygen-evolution activity. As seen in Fig. 9 (A), the wild-type cells show a typical SlI^ 
spectrum, with g-value of 2.0042 and a halfwidth of 19 G. The solid-line spectrum was obtained imme- 
diately after a 2-m illumination period, and the dotted-line spectrum was recorded about 30 minutes after 
illumination. The details ofthe spectrum and its very slow decay clearly show that it is the SIIj spectrum 
of Y D- On the other hand, the [D2- 1 60(Y-»F)j mutant cells show a signal of much lower amplitude, with 
g-value of 2.0031 and a halfwidth of 10 G, and therefore cannot be ascribed to Yd [see Fig. 9 (B)]. 
Compared with the SIlj signal, the g=2.0031 signal was observed to decay much faster in the 30 minute 
period after illumination. Taking all these results together, it is clear that when tyrosine- 160 on protein 
D2 is replaced by phenylalanine, the EPR signal of Yd is eliminated. The role of D is still unknown, but 
it is worth noting that even though Yd (i.e., D2-Y160) is absent, the mutant cells can still grow photosyn- 
thetically, which seems to put into question whether D2-Y160 is essential for the normal functioning of 
photosystem II. Based on the similarity between Dl and D2 with respect to their amino-acid sequence, 
as noted above, these workers tentatively assigned Y 7 to Y161 on the Dl protein, which is symmetri- 
cally located with respect to Y1 60 on D2. 

The hypothesis that Y161 on Dl is Y^ was confirmed by Debus, Barry, Sithole, Babcock and Mcln- 
tosh^"^ and soon after by Metz, Nixon, Rogner, Brudvig and Diner^^. The latter workers also used the 
cyanobacterium Synechocystis, replacing tyrosine Y161 on Dl with phenylalanine, i.e., DI-161(Y->F), 
by site-directed mutagenesis of the psbA gene that encodes the Dl protein. The reaction-center com- 
plexes isolated from the wild-type and the [Dl-161(Y->F)j mutant cells were then characterized by 
room-temperature EPR spectroscopy; the signals they obtained are shown in Pig. 10, after being normal- 
ized to the same chlorophyll concentration. The spectra designated “dark” for both the wild-type and 
mutant core complexes were recorded in the dark, 4-8 min after illumination with saturating light. In the 
core complex from the wild-type cells, the amplitude of the Sll-type signal is twice as large under 
illumination (spectrum designated “light”) as in the following dark period. This light-induced increment 
in signal height is attributed to the light-generated Sllyf/SIIp signal ofYz. An analysis ofthe amplitude of 
the two signals indicates that each corresponds to one spin per reaction center. On the other hand, illumi- 
nation of the mutant-cell core complex showed only the same Sll-signal amplitude as that recorded in 
the dark, indicating that photooxidation ofY^ apparently does not take place in the mutant cells, and that 
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Dl-161 tyrosine, which is missing in the mutant cells, is the biochemical origin of the secondary elec- 
tron donor that gives rise to the Sllv|/Sllf signals in photosystem II. 

The [D 1 - 1 6 1 (Y->F)] mutant cells neither grow photosynthetically nor evolve oxygen, but can synthe- 
size photosystem II and generate the Yo-radical (Sllj) upon illumination. The core complexes prepared 
from either wild or mutant cells contain one reaction center per -40-50 Chi molecules. The work of 
Debus et al?'^ and Metz et showed that fluorescence-yield changes in the mutant to be consistent 
with a disruption of forward electron transport on the oxidizing side of P680"^ as a result of the lesion 
created at the tyrosine site by the [Dl-161(Y-^F)]mutation. 



Svnechocvstis 

Cells PS-II core complex 





Fig. 9. (left) Room-temperature EPR spectra of photoautotrophically grown cells of Synechocyslis [(A) wild type and (B) D2- 
160(Y-»F) mutant]. Heavy solid-line spectra were recorded immediately after illumination; thin dashed-line spectra recorded 14 
min after illumination. Figure source; Debus. Barry, Babcock and McIntosh (1988) Site-directed mutagenesis identifies a tyrosine 
radical involved in the photosynthetic oxygen-evolving system. Proc Nat Acad Sci, USA 85: 429. 

Fig. 10. (right) Room-temperature EPR spectra of PS-II core preparations from Synechocystis 6803 [(A) wild type and (B) D1- 
161(Y->F) mutant] under saturating light and following 4-8 min of darkness. Spectra are normalized to the same chlorophyll 
concentration. Figure source: Metz, Nixon, ROgner, Brudvig and Diner (1989) Directed alteration of the D1 polypeptide of photo- 
system If. Evidence that tyrosine-161 is the redox component, Z, connecting the oxygen-evolving complex to the primary electron 
donor, P680. Biochemistry 28; 6965. 



II. C. Redox Properties of Yq snd Yz 

Redox active species Yq and Y^ can interact with external electron donors and acceptors. Babcock and 
Sauer^ initially noted that the decay of the flash-induced Slip signal can be accelerated by the presence of 
externally added electron donors. In dark-adapted, Tris-washed chloroplasts at pH 8.5, Yq is largely 
present in the reduced state and shows little Sllg. Steady illumination generates both Slip and SIlj signals; 
Slip rapidly decays in the dark, while SIIj remains virtually unchanged for a long time. The presence of 
an external electron donor such as phenylenediamine (PD) accelerates the decay of both signals, for 
the decay of Slip and Sllj^ becoming <1 ms and -30 5, respectively. Boussac and Etienne^^ reported that 
PD competes with Y ^ for electron donation to Y z*, and that Y p," reduction by PD occurs via Yy * . Thus an 
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equilibrium potentially exists between Yz'-Yoand The equilibrium constants for Y2""-YQt^Y2'Y[j*, 

namely, [Y2 ]'[Yd*] ! [Yz^]'[Yd], was estimated to be~10‘*. 

Y 2 , being located on the electron-transfer pathway between P680 and the manganese cluster, is ex- 
pected to have a redox potential intermediate between those of the O2/H2O and P680''/P680 couples. 
Based on information discussed above, it is possible to make an indirect estimate of the redox potential 
for the Y2 Wz couple ifthat for the Yd'^/Yd couple is known. Boussac and Etienne^^ used a Tris-washed, 
BBY-type membrane complex prepared from pea chloroplasts for this measurement. The strong oxidiz- 
ing agent K2lrCl^ was used to oxidize Yq and the extent of oxidation was monitored by recording the 
amplitude of the SIIj signal that was generated. The redox-titration curve thus obtained yielded a mid- 
point potential of -1-760 mV for the Yd*/Yd couple and an n-value of 1, consistent with a one-electron 
change [note that only the oxidative titration was reported; the reversibility of the titration is unknown] . 
The Ejn value for the Y^IY o couple, combined with the equilibrium constant of 1 O'* for Ai=[Y 
[Yzl-LYJ, allowed the authors to indirectly estimate the value for the Y^IY^ couple from the Nernst 
equation, i.e., .£n,(Y2*A"2) = £m(YD^/YD)+0.058dog(10‘*) = 0. 76+0.23* I.OOV.The l.OVvalueis inline 
with what would be expected for a redox mediator between H2O and P680'''. Furthermore, one might also 
be able to use the value of the (YzlY 7) couple to estimate the £„,value for the P680VP680 couple. 
The rationale is that since the reaction rate between Y2 and Q^" is known to be 2x 1 0^ times slower than 
that between PbSO'' and Qa~, the value of the P680V P680 couple and that for the (Y2*A"7) couple 
should obey a certain relationship, namely, (P680V P680) = + 0.058dog(2xl0^) =1.0 + 

0.2 = 1 .2 V. This value is indeed in very good agreement with that estimated using the redox potential of 
the 0/0 couple, as discussed in Section IV of Chapter 17 earlier. 

II.D. Protein Environment and Roie of Yz 

The photosystem-II reaction center closely resembles that of photosynthetic bacteria structurally and 
functionally in several respects: the electron-transport pathways on the reducing side; the presence of a 
heterodimer made up ofDl/D2 in PS II and the L/M proteins in photosynthetic bacteria; and the amino- 
acid sequence homology between D1/D2 and L/M. The three-dimensional structure of photosystem II 
reaction center has not yet been experimentally determined. However, it is possible, with the aid of 
computer modeling, to obtain a simulated three-dimensional structure for the PS-II reaction center by 
taking into consideration on the one hand the biochemical similarities between photosystem II and pho- 
tosynthetic bacteria, and the known structure ofthe latter on the other. Such modeling has been reported 
by Svensson, Vass and Styring^^ and, more recently, by Vermaas, Styring, Schroder and Andersson^^. 
The structural model constructed by Vermaas et al. is shown in Fig. 11. A similar, more recent PS-II 
reaction-center model of Xiong, Subramaniam and Govindjee^^ was presented earlier in Section II.B. 
and Fig. 5 of Chapter 11, and also in Color Plate 8. 

In the model of Vermaas et in Fig. 1 1, helix-A ofboth D1 and D2 is omitted for purposes of clarity 
but represented by the letter “A.” Helices B, C, D, E and the interhelical cd loops are configured in a way 
similar to the corresponding structures in photosynthetic bacteria {cf. Chapter 2, Fig. 7), with the thyla- 
koid-membrane normal lying in the plane ofthe page. The helices and interhelical loops of D1 are shown 
as unshaded ribbons and the letters designating them are single-underlined. A, B, ^ cd, etc., as was done 
for the photosynthetic bacteria, while those for D2 are represented by darker ribbons and designated by 
double-underlined letters. A, c4, etc. Selected amino-acid residues, P680 (the special chlorophyll 
pair), two monomeric chlorophylls and two pheophytins are drawn in the stick-and-ball fashion; the 
nonheme iron is also indicated by a large filled-in circle. 
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In this model, the secondary electron donor of PS II, (i.e., D1-Y161), is located very close to the 

primary donor P680 allowing for rapid electron transfer. The other tyrosine residue, Yp {i.e., D2-Y160), 
is located in asymmetrically opposite location. The center-to-center distance between D1 and D2 is ~35 
A. The distance between Yq and the Mn-cluster was estimated to be 30-40 A. The distance between Y 2 
and the Mn-cluster was originally estimated to be quite small, but not less than 10 A. Recently, however, 
this distance has been shown to be ~4.5 A (see below for further discussion'*®). In D2, Y^ is ~2.8 A from 
H189, short enough for hydrogen bonding to occur between them. In Dl, the secondary donor Yz and the 
homologous histidine, H190, have been found by Chu, Nguyen and Debus** to be engaged in hydrogen- 
bonding, which would be expected to strongly influence the redox property of Yz- 
Additional environmental differences have been found among Y^ and Yz to account for their different 
behaviors. The structural properties suggest that Y^, which is hydrogen-bonded to H189, loses its elec- 
tron upon oxidation and retains the proton at the site, but the hydrogen bond is switched. This situation 
is called “proton rocking,” as illustrated in Fig. 12 (A). It is expected that, Yz, in its active role as 
mediator of electrons from the manganese cluster to P680*, might display a quite different behavior. 
Previous magnetic-resonance studies by Babcock, Barry, Debus, Hoganson, Atamian, McIntosh,, Sithole 




Fig. 11. structural model for the PS-II reaction center. Dl (consisting of helices B, C, E and D and the lumenal cd loop) and D2 
(consisting of helices D, E, C and B and the lumenal ^ loop) proteins are shown at left and right, respectively, with their back- 
bones represented by ribbons for the heiices and wires for the loop regions. The A helices for both Dl and D2 are omitted. Some 
relevant amino-acid side chains are drawn as stick-and-ball representations. In addition, the special chlorophyll pair, P680, two 
monomeric chlorophylls, two pheophytins and the nonheme iron are also shown. Figure source; Vermaas, Styring, SchrOder and 
Andersson (1993) Photosynthetic water oxidation: The protein framework. Photosynthesis Res 38: 252. 
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and Yocum^® have already shown that Y 2 , upon oxidation hy P680'^, loses not only an electron hut also 
a proton, thus hecoming the neutral radical Y^’, with the released proton rapidly transferred to the lume- 
nal phase. Thus the oxidation ofY z involves a concerted electron/proton transfer. More recently, Hoganson, 
Lydakis-Simanitris, Tang, Tommos, Warnke, Bahcock, Diner, McCracken and Styring"^^ have further 
refined the picture of the Yz reaction as shown in Fig. 12 (B). In their reaction model, called “proton 
sloughing,” the first step consists of the loss of an electron hy Yz, followed hy the “release” of a proton 
to form a quasi-covalent H-B bond, where B represents the base, D1-H190, and then the release of the 
proton in microseconds, to the lumenal phase. As a consequence of “proton sloughing,” the tyrosyl 
radical is no longer constrained by hydrogen bonding and the oxy head group in Yz gains some motional 
freedom, which eventually helps enable the abstraction of hydrogen atoms from water and hydroxide 
groups from Mn in the oxygen-evolving complex. Gilchrist, Jr., Ball, Randall and Britt"^°, using ESE/ 
ENDOR (electron spin echo/electron-nuclear double resonance) spectroscopy, have determined the dis- 
tance between Yz and the Mn cluster to be approximately 4.5 A. The establishment of such a close 
proximity of the water-oxidizing manganese complex to Yz has additional consequences to the theory of 
the mechanism of the hydrogen-atom abstraction reaction, as will be discussed below. 



(A) Yq as electron-transfer cofactor (B) as hydrogen-atom abstractor 




Fig. 12. A hydrogen-atom abstraction model for the mechanism of the oxidation of Yz in photosynthetic oxygen evolution. Scheme 
(A) Yd acting as an electron-transfer cofactor; scheme (B) Yz acting as hydrogen-atom abstractor. B represents the base, histi- 
dine. See text for discussion. Figure source: Hoganson, Lydakis-Simantiris, Tang, Tommos, Warncke, Babcock, Diner, McCracken 
and Styring (1 995) A hydrogen-atom abstraction modei for the function of Yz in photosynthetic oxygen evolution. Photosynthesis 
Res 46: 180, 181. 



III. A New Model of Oxygen Evolution Involving Hydrogen-Atom Abstraction by Yj, 
during the S-state Cycie 

Based on information recently obtained on the structure and function of the secondary electron donor 
Yz, Babcock and coworkers*^^’'^* have formulated a new model of photosynthetic oxygen evolution. The 
catalytic center involves a metalloradical enzyme in photosynthetic oxygen evolution. The catalytic 
center, the integrated oxygen-evolving complex (OEC), consists of a tetra- nuclear manganese cluster, a 
redox-active tyrosine molecule and the cofactors 
Cei^* and CF, forming the [(Mn) 4 'Yz’Ca^*'CF] 
complex. The substrate water is bound at the Mn- 
site. The overall process of oxygen evolution and 
proton release involving four turnovers of the 
tyrosyl radical and the splitting of two water 
molecules is formulated at right: 
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The hydrogen-atom abstraction process starts with the charge-separated P680'^-QA"state. The electron 
transferred to the reducing side goes to photosystem I and eventually to assimilate CO 2 . The primary 
source of the oxidizing power that produces O 2 via the (Mn) 4 -Yz complex is P680'^, which itself is 
reduced by electron ultimately coming from water. 

Fig. 13 (A) shows the manganese cluster ofthe OEC linked to which in turn is hydrogen-bonded to 
D1-H190, the proton-accepting base. The tetranuclear Mn-cluster, as seen in Chapter 19, Fig. 7 (B), is a 
dimer of two di-p-oxo Mn-dimers, each linked at one end by one 0 x 0 - and two carboxylato-ligands to 
form an open, C-shaped pincer [Fig. 13 (B)]. 

The two Mn ions that are at the open ends of the C-shaped Mn-cluster shown in Fig. 1 3 (B) bind the 
two substrate water molecules and serve as the active catalytic sites throughout the entire S-state cycle. 
The rigid structure of the cluster appears ideal for eventual formation of the oxygen-oxygen bond be- 
tween the two water ligands. This new model can accommodate the various structural and functional 
requirements of all the known components, including the close proximity of Y 2 (<5 A) to the Mn- 
cluster^*, substrate binding at two Mn-sites, a mechanism for the proton release pattern, integration of 
Ca^"^ and CF into the model. With reference to the D1/D2 model, shown in Fig. 11, P680 is located to the 
right ofthe Mn-cluster, -7-12 A from Y^ tyrosine. 

In the So-state [Fig. 13 (B)], the Mn-cluster carries 15 positive charges (13 from Mn^^, Mn‘*^, Mn"*^ and 
Mn^\ plus Ca^^). These 15 positive charges are precisely balanced by 15 negative charges from the five 
0 x 0 - and two carboxylato-ligands plus CF. The overall electroneutrality in the Mn-cluster is also pre- 
served during the S-state cycle (see below). 

In the So state [Fig. 13 (B) and (C), top], two water molecules are bound to the terminal Mn^"^ and 
ions. The calcium ion is shown associated with a Mn^^ ion through two carboxylato-bridges. P680*, 
formed during the photochemical charge separation initiated by hv- 1 , abstracts an electron from Yz with 
simultaneous release of a proton to form the neutral Yz’ radical. The loss of the oppositely charged 
electron and proton occur in a concerted process rather than a sequential one, the proton going to H190 
and ultimately to the bulk aqueous phase, through the mediation of the hydrogen-bonded glutamate, 
E189. Proton release can be detected in ~12 jus, compatible with the risetime ofthe SIFf signal. Re- 
reduction and reprotonation ofthe Yz* radical by water bound to the upper ion produce a ligated 
hydroxide ion. The one positive charge gained during the So->S| transition transforms Mn^^to Mn^*. 

With the second charge separation initiated by hv-2, again a neutral Yz* radical is formed which 
abstracts a hydrogen atom from the hydroxide forming a transient 0 x 0 species (not shown), ending with 
two hydroxides at both terminal catalytic centers in the S 2 -state. Upon hydrogen atom abstraction in the 
S2->-S3 transition, the hydrogen-bonded 0 x 0 species is formed at the lower terminal Mn-site. 

During the S 3 — ►S 4 transition, the proton/electron abstraction process initiated by Yz* repeats itself with 
the hydroxide ligated to the manganese of the upper dimer, and with a peroxo bond formed across the 
two oxygen atoms ligated to the terminal manganese ions. In the S 4 -state, the Mn-peroxo bonds are 
broken to release dioxygen, and the [(Mn) 4 'Yz-Ca^‘^-CF] is reformed and ready to rebind substrate water 
and repeat another cycle. Although the S 4 -state is treated as a discrete intermediary state, its lifetime 
must be extremely short since it has not yet been experimentally observed. 

The salient features ofthe newly proposed model for photosynthetic oxygen evolution may be summa- 
rized as follows: 

1. The tyrosyl radical (Yz*) acts as a hydrogen-atom abstractor rather than just a simple electron 
transferring agent; 

2. The manganese cluster remains electrically neutral through the S-state cycle, rather than accumula- 
ting positive charges. Since the process operates in a low dielectric medium, this satisfies the vir- 
tual requirement that the reactions occur under electrically neutral conditions; 
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Fig. 13. (A) The Mn-cluster model derived from x-ray spectroscopy Ishown in Chapter 19, Fig. 8 (B)], with Yz and H190 added; (B> 
the integrated oxygen-evolution complex (OEC) written as [Yz (Mn) 4 'Ca^* Cn in the So state; and (C) the S-state cycle of the Mn- 
cluster during oxygen evolution. Figure source; (B) Tommos, Hoganson, Di Valentin, Lydakis-Simantiris, Dorlet, Westphal, Chu, 
McCracken and Babcock (1 998) Manganese and tyrosyl radical function in photosynthetic oxygen evolution. Curr Opinion in 
Chem Biol 2: 245; (C) adapted from Hoganson and Babcock (1997) A metalloradical mechanism for the generation of oxygen from 
water in photosynthesis. Science 277: 1953. 
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3. Dioxygen is formed from substrate water bound to the terminal Mn-ions, not from the bridging 
oxo-ligands as previously thought (cf model shown in Chapter 18, Section II, Fig. 8 ); 

4. In the new model each S-state transition involves the abstraction of a hydrogen atom from the 
bound water. The preceding oxidation of through P680'*’ should result in the release of one 
proton into the medium, correpsonding to a proton-release stoiochiometry of [ 1 : 1 : 1 : 1 ] during the 
So~>S|— >S 2 ”^S 3 — >( 84 )— >So cycle. 
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In this chapter we will examine the spectroscopic and kinetic properties ofthe secondary electron donor 
Yz ofphotosystem II. Fig. 1 sets up the framework for subsequent discussion and emphasizes the interme- 
diate position ofthe donor Yz in the transfer of electrons from the manganese cluster to P680^.To make 
kinetic measurements of the oxidation of Yz>it is in principle possible to monitor not Yz^ itself but instead 
the rate of P680‘^ re-reduction, as it is directly coupled to the oxidation of Yz to Yz* [as indicated by 
segment (A) in Fig. 1]. Because ofthe intermediate position ofYz.the rate ofits electron donation to P680* 
may be influenced by the oxidation state (the S-state) of the neighboring Mn-cluster [as indicated by 
segment (B) in Fig. 1]. When the ability of Yz to donate electrons to P680* is diminished, for instance, by 
Tris treatment, P680* can become a likely target for electron donation by Q^”. Later in this chapter, we will 
show that, by manipulating sample conditions, particularly redox intervention ofthe electron-transport 
reaction itself, it is possible to construct the difference absorption spectrum associated with the oxidation 
of Yz to Yz* [as indicated by segment (C) in Fig. 1]. 

r(C) 

S-states I 

H 2 O— — Yz— P680 ^-O-— Qa— Qb .... — PS I 

I (A) 

(B) 



Kinetics of electron donation from Yz to P680*: 

(A) Monitored by P680* re-reduction; 

(B) monitored by the effect of positive charges accumulated on the S-states; 

(C) Direct monitoring of Yz absorbance changes 



Fig. 1 . Kinetics of reactions under a variety of conditions . 
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As discussed in Chapter 16, the fluorescence yield changes in chloroplasts reflect the redox state ofthe 
stable primary electron acceptor of photosystem II. In 1972, Warren Butler’ proposed that the oxidized 
form ofthe PS-II primary donor, i.e., P680^, is also a fluorescence quencher of Chl-o fluorescence, as the 
fluorescence yield follows the dark reduction ofthe oxidized primary donor. David Mauzerall^ measured 
in dark-adapted Chlorella a fluorescence increase with a risetime of 25 ns. Since the reduction of P680^ by 
a secondary electron donor such as Z would eliminate the fluorescence quenching property of P680^, the 
fluorescence yield increase observed by Mauzerall could be explained as reflecting reduction of P680^ by 
a secondary electron donor with the same time constant. The concept of P680'^ being a fluorescence 
quencher ofChl-a fluorescence was further confirmed in 1979 by Sonnenveld, Rademaker and Duysens^, 
who attributed a PS-II fluorescence with a risetime of 30 ns to the reduction of P680* by the electron donor 
Yz (or Z, as it was called originally). These authors also found that if chloroplasts were treated with 
NH 2 OH, the fluorescence induction time is increased to 20 /us, showing that NH 2 OH treatment decreases 
the rate of electron transfer from the donor to P680^. 

When the electron donor Y^ is able to reduce P680* following a flash, the decay ofthe absorbance due 
to P680* should, at least in part, be attributable to Y^ oxidation. In the earlier literature, the decay kinetics 
for P680^ were usually reported to be biphasic, with decay times of 35 and 200 /is. It was soon recognized, 
however, that the absorbance change due to the reaction between the donor Yj, and P680* was too fast 
under physiological conditions to be observed with the time resolution then available. The ~30 /iS' decay 
was probably due to the reaction between a perturbed donor and P680*, while the 200-/iy decay was likely 
attributed to charge recombination between P680'' and . 

In 1978, van Best and Mathis"*, using dark-adapted chloroplasts, measured the absorbance change ac- 
companying P680 photooxidation and its dark re-reduction at 820-nm with nanosecond resolution and 
also found the change to be biphasic, but the decay time ofthe rapid phase induced by the first flash was 
30 ns. The much slower decay phase was found to be due to the reduction ofphotooxidized P700', since 
if FeCy ware added to the sample and the sample exposed to far-red background illumination to convert 
and maintain P700 in the oxidized state, the slow-decaying phase was eliminated from the measured 
absorbance change. 

I. Electron Donation from Yz to P680* 

I.A. Effect of Loss of Oxygen-Evolution Activity 

If the chloroplast is treated by any of various methods that inhibit its oxygen-evolution activity, the 
reaction rate between the donor Yz and P680* is also affected. The methods of inactivation include treat- 
ment with NH 2 OH, Tris, low pH, and detergents. 

In the physiologically active or oxygen-evolving state, the half decay time for P680* reduction by the 
electron donor is, as already noted, 30 ns. When the chloroplast is treated with 10 mM NH 2 OH or concen- 
trated Tris, the 30-ns decay phase ofthe P680 absorbance change is no longer observed. Instead, the decay 
observed after the first flash is slowed to 6 ^is and after the second flash to 120 [see Fig. 2]. After the 
treatment, the connection between the manganese cluster and the electron donor Y 7 is perturbed and dis- 
connected from the oxygen-evolution complex. With the second flash P680^ would no longer be able to 
withdraw an electron from Yz’ formed after the first flash, but instead receives an electron from the 
reduced electron acceptor located on the reducing side. The reaction kinetics then remain unchanged 
upon further flash illumination. 

The decay time of P680*in Tris-treated chloroplasts is highly dependent on the pH of the medium used 
in the flash-kinetic experiments. The decay time ofthe rapid decay phase ofthe absorbance change in- 
duced by the first flash at pH =6 is 3.5 ps but increases to 44 jus at pH=4. As in the case of NH 2 OH 
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treatment, after the second flash, the electron comes from Q^', again producing a slow phase with a decay 
time of 120 /iS', which itself is pH independent. The effect of lowering the pH on slowing the rate of re- 
reduction of P680^'was also seen in chloroplasts treated with cholate, in subchloroplast particles prepared 
with digitonin or Triton, and in the oxygen-evolving complex prepared from cyanobacteria. In such samples, 
the reduction kinetics of P680' after the first flash is typically 6 fjs, depending on pH, but becoming slower 
with decreasing pH [see Fig. 3]®. After the second flash, the electron comes from Q^", producing a 1 20- /js 
decay phase. The similarity in the response toward pH by various preparations supported this interpreta- 
tion. The effect of Tris treatment on the decay kinetics of the SH(-signal or Yz' was presented previously 
in Chapter 22 together with the corresponding spectroscopic results (see Fig. 6 in Chapter 22). 





Fig. 2. (left) Absorbance change at 820 nm induced by a ruby-laser flash in T ris-treated chloroplasts in the presence of 6 mM FeCy. 
Figure source: Conjeaud, Mathis and Paillotin (1979) Primary and secondary electron donors in photosystem II. Biochim Biophys Acta 
546: 284; 

Fig. 3. (right) Absorbance change at 820 nm at pH 5.0 (left trace) and 7.0 (right trace) induced by a ruby-laser flash in dark-adapted, 
T ris-treated PS-li particles from Phormidium laminosum. Figure source: Reinman, Mathis, Conjeaud and Stewart (1981) Kinetics of 
reduction of the primary donor of photosystem II. Influence of pH in various preparations. Biochim Biophys Acta 635: 432 



I.B. Effect of Positive Charges Accumuiated by the S-States 

As discussed in Chapter 22, the rate of electron donation by the S-states to Yz is dependent on the 
number of oxidizing equivalents accumulated in the S-states. In the sequence of Sq— >S|, Sj-^Sz, S 2 ->S 3 , 
S 3 ~> (S 4 )— >Sq transitions, the characteristic time for each successive transition (following a short flash) as 
measured by both EPR and optical spectroscopic methods (see Fig. 7 in Chapter 22) increases by a factor 
of ~3.5, with values of 30, 1 10, 350 and 1300 /js, respectively. The progressive increase in the transition 
time was interpreted as a reflection of the increasing amount of positive charge stored in the S-state, thus 
raising the electrical repulsion between it and the positively charged Yz*. 

In a similar way, the electrostatic-attractive effect of the S-states can be invoked to explain changes in 
the rate of electron transfer from Yz to P680'*. The effect was demonstrated by Brettel, Schlodder and 
Witt’, who measured the decay kinetics of flash-induced absorbance changes of P680 ' as a function of 
flash number. Since many repetitive flashes would lead to an evenly distributed mixture of S-states and 
therefore make nearly impossible any attempt to interpret the results of signal averaging the responses to 
a great many flashes in terms of specific S-state transitions, only a few flashes, e.g., five, were applied to 
a chloroplast sample before it was replaced by a fresh sample which had been dark-adapted to the usual 
25% So'to-75% S]-state distribution. The authors used both spinach subchloroplasts and oxygen-evolving 
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PS-II particles isolated from Synechococcus. P680 photooxidation was induced by 2>-ns, 532-nm flashes 
spaced at 1--? intervals and monitored at 824 nm. As can be seen in the case of spinach subchloroplasts 
shown in Fig. 4, after the 1st (and 5th) flash, the fast phase of P680^ re-reduction kinetics appear monophasic 
with a of 23 ns. P680'^ re-reduction kinetics following the 2nd and 3rd flashes is significantly slower, 
with /i/j of 50 and 260 ns, respectively. The rate of re-reduction following the 4th flash is intermediate 
between that following the 1st and 5th flashes and that following the 2nd and 3rd flashes. From curve- 
fitting analysis of the decay kinetics and a comparison of the presumed populations of the S-states after 
each flash with the signal amplitudes of the various decay phases, it was concluded that the 23-ns phase is 




0 400 800 ns 



t„2~23 ns of the S, -state (/.e., after the 1 st flash); 
f„2~50 and 260 ns of the S 2 - and Sg-states 
{i.e., after the 2nd and 3rd flashes) 

6,2 after the 4th flash is intermediate between 
the (1st/5th) and the (2nd/3rd) flashes; 

6,2 after the 5th flash is again the same as that 
after the 1 st flash 
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Fig. 4 (left panel plus legend at right). Tinne course of absorbance changes at 824 nm induced by a series of five 3-ns, 532-nm flashes 
in dark-adapted spinach chloroplasts. The solid line through the data points represents a bi-exponential fit. The dashed lines are 
extrapolations of the phases decaying in the fis and ms range. Figure source. Brettel, Schlodder and Witt (1984) Nanosecond reduction 
kinetics of photooxidized chlorophyll (P-680) in single flashes as a probe for the electron pathway. H* -release and charge accumu- 
lation in the Oj-evolving complex. Biochim Biophys Acta 766: 407. 

Fig. 5 (lower right). Time course of absorbance changes at 824 nm in oxygen-evolving PS-II particles from Synechococcus sp. at 
different pH-values and induced by 3-ns, 532-nm flashes. Figure source; Schiodder and Meyer (1987) PH dependence of oxygen 
evolution and reduction kinetics of photooxidized chlorophyll a^ fP-68CD in photosyslem II particles from Synechococcus sp. Biochim 
Biophys Acta 890: 26. 
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the characteristic time for the Sq-> Sj and Sj -> S 2 transitions and the 50- and 260-ns phases are associ- 
ated with the S 2 - and S 3 *states but not exclusively associated with either. The decrease in the rate of 
electron transfer from Yz to P680^ following the excitation ofthe S 2 - and S 3 -states was apparently related 
to, and accordingly attributed to, the increasing number of oxidizing equivalents accumulated in these 
states. 

The notion that simple electrostatic forces affects the rate of electron donation from to P680’^ gained 

further support from the effect of pH on the nanosecond-decay component ofthe P680 absorbance change. 
The effect of pH on oxygen evolution has previously been documented in the photosynthesis literature, 
optimum rate of oxygen evolution being reported to occur in the pH range 6. 5-7. 5. Schlodder and Meyer^ 
examined the pH dependence ofthe nanosecond decay ofthe 824-nm absorbance change due to P680* re- 
reduction in an oxygen-evolving particle prepared from Synechococcus sp. Traces obtained by signal- 
averaging the individual responses to a train of flashes at various pHs, ranging from 4 to 7.5, are shown in 
Fig. 5. The dependence ofthe nanosecond decay ofthe P680*^ absorbance change on pH is similar to that 
of oxygen flash yield, namely, the amplitude ofthe nanosecond decay phase is maximum between pH 6.5 
and 7.5 but below pH 6 its amplitude decreases steadily, as it is gradually replaced by decay components 
in the jus and ms ranges. The retardation of electron transfer from Y^ to P680' can therefore be interpreted 
as due to the result of excess positive charge acquired by the S-states due to additional protonation in the 
low-pH environment. Subsequent experiments by Meyer, Schlodder, Dekker and Witt^ with single-flash 
excitation showed that electron transfer to P680^ in particles at pH 4.0 was even retarded following the 
first flash. 

II. Absorbance Changes and Kinetics due to Oxidation by 

II. A. Direct Measurement 

Because ofthe likelihood that the amplitude ofthe absorbance changes associated with the oxidation of 
Yy would be small and the kinetics of the change is very rapid under physiological conditions, many 
workers resorted to the use ofTris-treatment of subchloroplast preparations to slow down the electron 
transfer between Yy and P680’^ in order to reduce the bandwidth required for the measurement and there- 
fore to reduce the noise in the EPR signal. This approach corresponds to the conversion of the Sll^fto the 
Sllf signal in the EPR experiments, as discussed in Chapter 22, Section I.B. Although the kinetics of 
interaction between oxidized Yy and the S-states had now been determined, the kinetics of Y^ oxidation 
coupled to P680’ re -reduction had not yet been directly demonstrated. However, recent optical spectro- 
scopic measurements have confirmed the direct interaction of Y^ with P680’’ . 

Eor their studies, Gerken, Brettel, Schlodder and Witt^'* used a purified, oxygen-evolving PS-II complex 
prepared from Synechococcus and examined light-induced absorbance changes in the ultraviolet region. 
As seen in Fig. 6 (A), 3-ns, 532-nm flashes produced a large and rapid absorbance decrease at 260 nm, a 
significant portion ofwhich decayed in < 500 ns. This rapid absorbance decrease, previously not resolv- 
able at the instrument response time of 10 ns, was attributed to the reduction ofQ^, known to take place in 
-200 ps, as determined by Bernarding, Eckert, Eichler, Napiwotzki andRenger" (see Chapter 17, Section 
V and Fig. 10 therein) and that is stable for tens of /js. Under this condition, the nanosecond-decay 
portion may be attributed in part to an absorbance increase due to the oxidation of the secondary electron 
donor Y^, i.e., Y y-^Y y .To be consistent with this assignment, its kinetics should be the same as that of 
the re -reduction of P680, i.e., P680*—>^P680. This is clearly confirmed by the rapid decay phase ofthe 
absorbance change due to P680 at 824 nm, as shown in the bottom trace of Fig. 6 (A), which is almost a 
mirror image ofthe 260-nm change. The extinction coefficient Ae for Y^ oxidation was estimated to be 
7±1 mM'''cm ' near its absorbance maximum at260nm. 
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When the PS-II complex is Tris-washed, the absorbance change still shows the same very rapid de- 
crease, but the nanosecond decay is absent [see the center trace in Fig. 7 (A) below]. This is expected, as 
this decay phase reflects oxidation, and its rate would have been slowed down by several orders of 
magnitude after Tris treatment. 
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Fig. 6. Time course of absorbance changes In oxygen-evolving Synechococcus particles at 260 and 824 nm induced by 3-r?s, 532-nm 
flashes (A) and at 320 nm (B), Inset in (B) shows the 320-nm change induced by 35-ps laser flashes and measured at a time resolution 
of 2 ns. Figure source: Gerken, Bretlel, Schlodder and Witt (1 987) Dimct observation of the immediate electron donor to chlorophyll- 
a/ (P680*) in oxygen-evolving photosystem-ll complexes. FEBS Lett 223: 378. 

Although the relatively long life time of reduced plastoquinone Q^” has already made it possible to mle 
it out as the species responsible for the nanosecond-decay component of the 260-nm absorbance change, 
the very fast rise of the flash-induced absorbance change measured at 320 nm shown in Fig. 6 (B) gives 
additional supporting evidence. As shown in the inset ofFig. 6 (B), even with a 35-ps flash for excitation 
and at 2-ns time resolution, the absorbance increase is still kinetically unresolved. 

Gerken etal}^ further examined the question ofthe identity of by constructing an absorbance differ- 
ence spectmm from the nanosecond-decay phase ofthe UV absorbance changes that have been tentatively 
assigned to Y^ oxidation. As shown in traces (a) and (b) in Fig. 7 (A), and as already noted, the Tris- 
treated PS-II complex of Synechococcus gives rise to the same rapid absorbance decrease due to Q reduc- 
tion at 260 nm as seen in oxygen-evolving particles but the nanosecond decay phase was absent, presum- 
ably as a result ofthe disruption of electron transfer from Yyr to P680\ As the missing nanosecond decay 
phase is attributed to the absence of electron transfer from Yy to P680'^ in the Tris-treatedcomplexwithin 
the time frame examined, the difference between the two signals, i.e., (a)-(b), shown in trace (c), would 
represent the net change due to the Y;?->Y;;* reaction. Thus, as shown in trace (c), Yz^ oxidation gives rise 
to an absorbance increase at 260 nm with risetime of nanoseconds. 

Gerken et al. extended these absorbance-change measurements over a range of UV wavelengths and 
obtained the amplitude ofthe nanosecond decaying phase at each wavelength. A plot of these changes vi'. 
wavelength resulted in a composite difference spectrum for the oxidation ofY^by P680'^, i.e., AA{Yy- 
Yz), and the reduction ofP680^, AA(P680-P680^), as shown in Fig. 7 (B). To obtain the net difference 
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spectrum AA(Yz'^-Yx), the composite difference spectrum is corrected for the contribution by P680*^ re- 
duction. The AA(P680'-P680), previously discussed in Chapter 15, is shown in the inset of Fig. 7 (B); this 
difference spectrum is inverted and subtracted from the composite to yield the net difference spectrum 
AA(Y 2 ’^-Y;;), as shown in Fig. 7 (C). The difference spectrum ofY 2 oxidation consists oftwo positive 
absorption bands, a major one at -260 nm and a minor one at -300 nm. 
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Fig. 7. (A) Time course of absorbance changes at 260 nm in oxygen-evolving PS-II particles (a), Tris-treated particles at pH 5.5 (b) and 
the difference (c)=(a)-(b). (B) Combined difference spectrum due to the reduction of P680* and the oxidation of its immediate donor in 
oxygen-evolving PS-M particles. Data points obtained as in (A, c). Inset in (B) shov/s the oxidation spectrum for P680). (C) Net difference 
spectrum of the oxidation of the immediate electron donor in oxygen-evolving PS-II particles. Data points obtained as in (A, c). The 

difference spectrum in (C) is the sum of the two difference spectra shown in (B). This net difference spectrum is attributed to the 
oxidation of the immediate electron donor Y 2 by P680^ in oxygen-evolving PS-i I particles. Figure source: Gerken, Brettel, Schlodder and 
Witt (1988) Optical characterization of the immediate electron donor to chlorophyll an in 02-evolving photosystem II complexes. Ty- 
rosine as possible electron carrier between chlorophyll a« and the water-oxidizing manganese complex. FEBS Left 237; 70, 71 and 72. 
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II.B. Indirect Measurement 

In Section II of Chapter 16, we described the isolation of the difference spectra of individual components 
in photosystem II by using variously treated PS-II particle preparations, including the use of appropriate 
chemical intervention. We described a difference spectrum isolated in this fashion that contains changes 
due to both P680 photooxidation and plastoquinone Qa reduction, i.e., AA[(P680'- P680)+ (Qa”-Qa)1- By 
means of another, and different chemical intervention, the net difference spectrum for (Qa~-Qa) could be 
isolated [see Chapter 16, Section II and Fig. 4 (B) therein]. 

Gerken, Dekker, Schlodder and Witt^^ utilized the same protocols that were used for isolating the 
^A(Qa -Qa) difference spectrum to indirectly obtain the difference spectrum just for the oxidation of the 
secondary donor i.e., AA[Y 7 /-Y 2 ]. To isolate the difference spectrum, AA(Qa”-Qa)i electron transfer 
in the PS-II complex was blocked between Y^ and P680 by Tris treatment and after Qa by DCMU. A ferri- 
/ferro-cyanide couple was added to the reaction mixture to intervene with oxidized Y/* and reduced Qa 
following photo-excitation. Then, after a certain time after the flash, say, at 800 ms, the oxidized Y^^ 
would have been completely re-reduced by ferrocyanide rather than by the Mn-cluster, butQA" re-oxida- 
tion by ferricyanide would have occurred to a slight extent due to slower kinetics. When the absorbance 




Fig. 8. Difference spectra of [Qa‘-Qa] (A), [YF QaO [Yz Qa] (B) and Yz*-Yz (C=B-A) in PS-II complexes from Synechococcus sp. See 
text for measurement details. The inset shows the time course of absorbance changes measured at 320-nm in a double-flash experi- 
ment. The two flashes are spaced 805 ms apart, and the dotted line extended from the first signal decay represents the observed decay 
when the second flash is not applied. Figure source: Gerken, Dekker, Schlodder and Witt (1 989) Studies on the multiphasic charge 
recombination between chlorophyll an* (P-680') and plastoquinone Qa" in photosystem II complexes. Ultraviolet difference spectrum 
of Chl-a[[VChl-an. Biochim Biophys Acta 977: 56. 
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difference is measured at this time point, the net difference spectrum for (Qa”-Qa) could be isolated by 
subtracting the known contribution offerri-/ferrocyanide couple. For reference purposes, the difference 
spectrum [which is identical to that shown previously in Fig. 4 (B) ofChapter 16] is presented here in Fig. 
8(A). 

Note that in the above-described experiment using ferri-/ferro-cyanide intervention, the initial absor- 
bance change at 320 nm induced by a 15-/^ flash, as shown in the inset of Fig. 8 [also cf. Fig. 6 (B)j, 
represents the formation of both Y;,*' and Qa”, since P680'^ and O" have lifetimes in the nano- and 
subnanosecond range, respectively, and would have escaped detection with the time resolution used. From 
the initial amplitude of these flash-induced absorbance changes, it is therefore possible to construct a 
composite difference spectrum that represents AA[(Y2 "-Yj;)+(0a"-Qa)], which is shown in Fig. 8 (B). 
Consequently, by subtracting spectrum (A) from spectrum (B), the net difference spectrum for 
AA[Yz'^-Y 2 ] is obtained, as shown in Fig. 8 (C). Note that the difference spectrum obtained here is in good 
agreement with that shown in Fig. 7 (C) above and, also, that both are in good agreement with the differ- 
ence spectrum expected for tyrosine oxidation in vitro (not shown). As can be seen from Fig. 8 (C), the 
amplitude ofthe absorbance increase observed at 320 nm during oxidation is quite small, with Ae in both 
Figures 7 and 8 estimated to be only ~2 mM''‘Cm"'. 

The rather small Ae value at 320 nm for the (Yz'-Y^) change is further supported by the double-flash 
experiment shown in the inset ofFig, 8. As mentioned above, the initial rise portion upon flash excitation 
consists of absorbance changes due to Y^ oxidation and Qa reduction. Y^/is re-reduced by ferrocyanide in 
165 ms and is re-oxidized by ferricyanide in 4 s. At 805 ms after the first flash, a second excitation 
flash is applied. At this moment, all the Y^’ would have been completely re -reduced by ferrocyanide but 
only about half of the Qa” re-oxidized by ferricyanide. The second flash should be able to reduce all the 
Qa that had been re-oxidized by ferricyanide in the dark and re-oxidize a corresponding amount ofthe 
reduced Y^. The inset trace shows that the second flash brought about an absorbance increase to approxi- 
mately the same level as after the first flash. One can therefore conclude that the contribution by Y 2 to the 
initial absorbance increase at 320 nm is quite small. The dashed tail indicates the decay path ofthe 
absorbance increase is due to that induced by the first flash alone. 
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For further reading 

R1. HT Witt, E Schlodder, K Brettel and Saygin (1986) Reaction sequences from light absorption to the cleavage 
of water in photosynthesis routes, rates and intermediates. Ber Bunsenges Phys Chem 90: 1015-1024 
R2. HT Witt (1 991 ) Functionai mechanism of water splitting photosynthesis. Photosynthesis Res 29: 55-77 
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In photosynthesis, thermoluminescence (TL) refers to the light emitted by a sample as it is gradually 
warmed up following a period of illumination at a lower temperature. Thermoluminescence was disco- 
vered independently by Arnold and Sherwood^ and by Tollin and Calvin^ in 1957. In both cases, ther- 
moluminescence was discovered in dried chloroplasts and a few years after Strehler and Arnold^ discov- 
ered delayed luminescence in green-plant material. Thermoluminescence may be observed with intact 
leaves, chloroplasts and even reaction-center complexes from higher plants, algae and cyanobacteria. 
Although thermoluminescence under discussion here is mostly limited to green-plant photosystem II, 
TL has also been reported by Fleischman"^ for the photosynthetic bacterium Rhodopseudomonas viridis. 



I. Energetics of Thermoluminescence 

Thermoluminescence from photosynthetic materials, like that from other inorganic and organic mate- 
rials, arises from thermally activated recombination of positively and negatively charged species previ- 
ously formed by illumination and stabilized, or trapped, at a lower temperature. The energetics involved 
in the generation of thermoluminescence from charged species in green-plant photosystem II is illus- 
trated in Fig. 1. Upon the application of one flash to an oxygen-evolving photosynthetic material, a 
photon of energy hv/^ is absorbed by the antenna chlorophyll (Chi) and transferred to the PS -II reaction 
center and then to P680, or directly by the reaction center itself. In either case, the result is an initial 
charge separation: 



[S,YxP680-(DQaQb]+/iVa->[S,Yz-P680*cDQaQb]^>[S,Y7.P680^cD-.Q^.Q3], 
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The figure shows that subsequent electron transfers lead, on the electron-acceptor side, to reduction of 
Q;Si and then, in the absence ofDCMU, to the reduction of Qb while on the electron-donor side, an S-state 
transition occurs: 

[S,-Yz-P 680 ^cD-QaQb]->[S,Y/P 680 0 Qa-Qb]^[S 2 YzP 680 ®QaQb-] 



Thermoluminescence 




Fig. 1. A schematic representation of the photochemical-reaction sequences and the possible states responsible for the thermolu- 
minescence emission bands. See text for discussion. Figure adapted from: Vass and Inoue (1992) Thermoluminescence in the 
study of photosystem It. In: J Barber (ed) The Photosystems: Structure, Function and Molecular Biology, p 264, Elsevier: and 
Demeter and Govindjee (1989) Thermoluminescence in plants. Physiol Plant 75: 124. 

In the transition from the initial charged-pair state [P680'^-<I>"] to a subsequent, say, [S 2 'Qa"], a certain 
amount of free energy (called the stabilization energy) is lost. This allows the charged pair to be stabi- 
lized, or trapped, but yet retain a major portion of the energy of the photon that was originally absorbed 
and stored in them as the redox-potential difference between the charged species. The gap represented 
by the lost energy is then a minimum in the activation-energy barrier against charge recombination. If a 
sufficient amount of energy is supplied from the surroundings to overcome the activation-energy barrier, 
the positive and negative charges may recombine and the energy released upon recombination can go to 
re-excite the reaction-center radical pair [P680-<I>] first to [P680^'dr] and then to the singlet excited 
P680* and its energy may then migrate to the antenna chlorophyll (Chi) to be emitted as “delayed lumi- 
nescence,” or “delayed light emission” (see e.g., Lavorel^). The emission is represented by a wavy arrow 
in Fig. 1. 

Ifthe chloroplasts are illuminated at a low temperature or illuminated first at ambient temperature and 
then immediately cooled very rapidly to a low temperature, the charged species may be stabilized or 
trapped. Upon warming, the charged species become thermally activated and when the absolute tem- 
perature reaches an appropriate level, a siginificant fraction of the trapped states will have sufficient 
energy, AE) or AE 2 in Fig. 1, for recombination to occur at an appreciable rate, where T~ AE/k and 
T~AE 2 /k, k being Boltzmann’s constant. The charged pair recombine to release light energy (h Vp) in the 
form of the so-called “thermoluminescence.” (see DeVault, Govindjee and Arnold^^ for a theoretical 
treatment). In Fig. I, the two emission bands designated in the literature as “D” (also called the “Q” 
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band) and “B” are generated from the following two processes, where in each case a given trapped state 
is supplied with its respective activation energy, AE. The species involved in recombination are under- 
lined: 

D(orO)-band; [^ Yz P680 cP Q^--Qb] + AE, [S| Yz P680 cD Qa Qb] + h\^, 

B-band: [Sj Yz P680 ® Qa Qb-] + AE, ^ [S| Yz P680-cI> Qa Qb] + 

Like delayed luminescence, thermoluminescence is formed through the re-excitation of the reaction- 
center charged-pair state [P680*'O“]. 

II. Some Commonly Observed Thermoluminescence Bands and Their Origins 

As shown in Fig. 1, the thermoluminescence bands, also called “glow curves,” are plotted as emission 
intensity V5. increasing temperature. Historically, the labelling of the thermoluminescence bands has 
been quite arbitrary and unsystematic, as the names were given by different workers at the time the 
bands were initially observed. Some workers used the numerals, I, II, III.., or I, 2, 3.. in the order of 
increasing emission temperature from about -200 to 90 °C'’ to designate the different bands, while still 
others used the English alphabet. We will use the designations adopted by Inoue, Ichikawa and Shibata^, 

o 

which is slightly modified from the nomenclature originally used by Arnold and Azzi . 

All together, there are more than a dozen thermoluminescence bands observable in the temperature 
range from -180 to -i-85 °C. We will restrict our discussion to only the major bands, which are better 
characterized as to their origin. In general, the temperature at which a given thermoluminescence band 
appears (the emission temperature) as reported by different workers varies to some extent, probably due 
to different experimental conditions, particularly the conditions for excitation, such as the excitation 
wavelength and the excitation temperature, and also the rate of warming. The lack of standard experi- 
mental conditions has sometimes caused confusion between the results reported by different laborato- 
ries. In the following, we make use of the results of Inoue et aV with both mature and etiolated (green- 
ing) wheat leaves to illustrate some major bands and the factors that affect them. The pattern of the major 
thermoluminescence bands is shown in Fig. 2 (A) in an idealized glow curve that might arise from plant 
photosynthetic membrane, arranged in the order of increasing emission temperature. Of course, in prac- 
tice, not all of these bands are usually observed in a particular sample under any given set of experimen- 
tal conditions. 

Figure 2 (B) shows thermoluminescence bands generated by mature wheat leaves [curves (a) and (b)] 
and by greening wheat leaves grown under intermittent illumination [curves (c) and (d)]. The continuous 
curves are for materials illuminated for 1 minute at -60 °C [curves (a) and (c)], and at-20 °C [curves (b) 
and (d)]; the dashed curves are for the same materials without prior illumination. Each thermolumines- 
cence band has its own (approximate) emission temperature: Zy-band (~-45 °C; where the subscript “V” 
stands for variable location ofthe band), A-band (-10 °C), Bpband (25 °C), Bz-band (40 °C) and C-band 
(-1-55 °C). The C band is the major emission band in etiolated leaves [solid curves in (c) and (d)] and is 
apparently unaffected by prior actinic illumination [dashed curves in (c) and (d)]. Illumination offully 
greened, mature leaves at -60 °C produces a weak Zy-band at -45 °C, a weakened C-band at 55 °C, a 
strong composite B-band, with Bj-band at 20 °C and Bz-band shoulder at ~40 °C, which together form 
the composite B-band. When the mature leaves were illuminated at -20 °C instead and immediately 
cooled [curve (b)], the glow curve is quite different: a prominent A-band appears at - 15/-20 °C, while the 
(Bi+Bij-band is much weaker and the Zy band is barely observable. Thus the A- and B-bands appear to 
be complementary to each other in amplitude: illumination at -60 °C produces a strong B-band and no 
A-band, while illumination at -20° C produces predominantly A-band and much less B-band. Both the A 
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and B bands are apparently associated with photosystem II, as evidenced by the following: the Hill 
activity has been found to be associated with the A and B bands; a mutant of Scenedemus lacking photo- 
system II was also found to lack the A and B bands, while a mutant lacking photosystem I still shows the 
A and B bands; and algal cells with manganese removed lost both the oxygen-evolution ability and the A 
and B bands. The current assignment ofthe individual thermoluminescence bands to particular recombi- 
nation processes will be presented in the following sections. 



(A) 



Idealized TL bands 



(B) 





Fig. 2. Left: An idealized representation of a thermoluminescence profile illustrating labeling employed in this chapter. Right: TL 
bands of mature leaves of wheat [(a) and (b)J and greening leaves of wheat grown under intermittent illumination [(c) and (d)[. 
Illumination at -60 “C [(a) and (c)] and at -20 “C [(b) and (d)]. The dashed-line profiles show TL bands produced without illumina- 
tion. See text for discussion. Figure source: Inoue, Ichikawa and Shibata (1976) Development of thermoluminescence bands 
during greening of wheat leaves under continuous and intermittent iilumination. Photochem Photobiol 23: 126. 



II. 1. TheZsj and C Bands 

To facilitate the following discussion on the origin ofthe major thermoluminescence bands, a frame- 
work consisting of components in the photosystem-II electron-transport chain is shown in Fig. 3, along 
with the charge-recombination mechanisms currently assigned to the major thermoluminescence bands^^: 

The peak of the Zv_band is observed over a wide range of temperatures (from -80 to -30 °C), as the 
subscript V (for vairable) implies. At higher excitation temperatures, it appears at a higher temperature 
and is somsetimes merged with the A band [see Fig. 2 (B, b)]. It is also unique in that its emission 
temperature may exceed the excitation temperature by only 10-20 °C. It was initially reported by Demeter, 
Rosza, Vass and Hideg^ that the intensity of the Zy band shows a periodicity-of-four oscillation with 
respect to flash excitation, indicating that it is associated with the S-states. It was even assigned by 
Zimmermann and Rutherford*'* to the S 2 -statethat gives rise to the g=4.I EPR signal. However, several 
subsequent findings have shown that the band is observed even in PS-II preparations in which the 
manganese has been removed (Klimov, Allakhverdiev, Shafiefand Demeter’*), as well as in the D1/D2/ 
Cyt hS59 reaction-center complex (Vass, Chapman and Barber*^) and in a non-oxygen-evolving mutant 
of Scenedesmus (Seibert, Ono, Koike, Ikeuchi, Inoue and Bishop*^), none of which can undergo S-state 
transitions. 
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Some of the above workers also suggested that the Zy-band may originate from charge recombination 
between P680^ and Q/C (see Fig. 3). This suggestion is supported by several lines of evidence, chief 
among them being the restoration of the Zy-band in Dl/D2/Cyt b559 complex by reconstituting the 
complex with various quinones'"^. It has been suggested that the variability of the emission temperature 
of the Zy-band may be accounted for by the trapping of different conformational states of the PS-II 
reaction centers at different temperatures and as a consequence a variable stability of the [P680 '^-Qa~] 
state. Such a distribution of structural states is implied by the multiphasic nature ofthe kinetics of charge 
recombination between P680* and , as observed by Gerken et al}^ in absorbance-change experi- 
ments and as previously discussed in Chapter 16, Section II. The Zy-band is apparently very sensitive to 
ethanol; Vass et al}^ found that 1% ethanol can abolish the Zy-band completely. The sensitivity ofthe 
Zy-band to ethanol suggests a likely alteration of the lipid environment in the reaction center, as lipids 
are known to be essential for a stable charge separation between P680'^ and 
Historically, the C band has been rather controversial. As seen in Fig. 2 (B) above, the C-band appears 
around 50 °C in both etiolated and mature wheat leaves, and is seen even without prior illumination (the 
dashed curves). It has also been observed in chloroplasts, in the Dl/D2/Cyt b559 complex, and even 
reported to be found in a PS I-enriched preparation (Sane, Desai, Tatake and Govindjee'®). It certainly 
cannot be associated with the water-oxidizing complex, as it appears even in etiolated leaves [see Fig. 2 
(B, c) and (B, d)] where the ability to evolve oxygen has not yet developed. The C-band is enhanced by 
DCMU, suggesting that Qa” is likely to be involved. The current consensus on the C-band is that it 
originates from recombination between Qa~ and Yd*, the species responsible for the SIIj EPR signal. 
This assignment would be consistent with the high emission temperature and the long lifetime ofthe C- 
band, both properties to be expected on the basis ofthe known stability ofthe charged pair [Yd*-Qa~]- 
Also, the C-band shows a maximum amplitude when the OEC is in the Sq- and S (-states rather than in the 
S 2 - and S 3 -states, since Qa” is known to recombine with the latter states (without producing thermolumi- 
nescence). 



Bi-band 

(s +20'C) 



Bj-band 

(s +30’C) 

DCMU 



SVSg-Sg/Sg-Sg/Si-Si/So-YzVYz ■ P680^/P680-0/0 ‘-Qa/Q/ 



|Qb/Qb 



? 



Yd:/Yd 



Zy-band 

(-80 - -30'C) 

C-band — 

(a 50‘C) 



Aj-band 

(- 10'C) 



D- (or Q-) band 

(0- 10'C) 



A-band 

(a -10-C) 



Fig. 3. Diagram showing the origin of the major TL bands and the temperature range of their appearance. See text for discussion. 
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11.2. TheB ('81+82) and D Bands 

The framework in Fig. 3 shows the B band is originating from charge recombination between Qu' and 
either $2 or S3 on the one hand and the D- (or Q-) band from recombination between and 83 on the 
other. The discussion of the “ B (B | +B^y’ band and the D band may be made with reference to Figs. 1 and 
2 (A) above, where these two particular bands are specifically noted. The B-band is perhaps the best 
understood. It is observed in leaves, chloroplasts and thylakoids and has long been considered to be 
associated with photosystem 11 and the oxygen-evolution complex. Rutherford, Crofts and Inoue'^ per- 
formed multiple-flash experiments with spinach chloroplasts and Rutherford, Govindjee and Inoue'* 
subsequently did similar experiments with spinach leaves. In both studies a periodicity-of-four oscilla- 
tion was observed in the B-band thermoluminescence (as well as in delayed light emission). This veri- 
fied periodicity-of-four oscillation in thermoluminescence provides the most convincing evidence that a 
thermoluminescence involves the participation of the S-states. Detailed analysis of the results under a 
variety of conditions allowed the authors to conclude that both the S2- and S3-states are responsible for 
the generation of the B band in a charge recombination reaction with Qr . 

As shown in Fig. 4 (A), using spinach-leaf discs which had been dark-adapted for 2 hours and then 
illuminated with a series of short, saturating flashes, Rutherford etal.^^ observed a thermoluminescence 
B-band with an emission temperature of ~35 °C. Furthermore, as already noted, the amplitude of the B- 
band was dependent on the flash number [see Fig. 4 (A)]. When the B-band amplitude is plotted against 
the flash number, a periodicity-of-four oscillation is clearly seen, with maxima occurring on the 2nd and 
6th flashes [see Fig. 4 (A) and (B)]. Based on previous themoluminescence work with thylakoids, the B2- 
band was assigned to the recombination ofQn with the S2-state and the B, -band to recombination with 
the S3-states: 

[& Y2; P 680 a) QA ( 2 B ] + AE -> [S, Yz P 680 -O Qa Qb]+/?^'e. (^2 band); and 

[S3 Y2 P68O O QA Q,, ] + AE -> [Sj Yz-PbSO O QA QBl+^Hi. (B| band). 

To simplify the presentation, only symbols representing the components directly participating in recom- 
bination (the underlined components above) are used to describe the reactions responsible for the two 
thermoluminescence bands: 

[S2'Qb ] [Si'Qb] + (82 band); and 

[S3-Qb']^^[S2 Qb] + /»»^b.(B, band) 

The OEC is generally not “synchronized” to the same S-state; even in dark-adapted material, the S-state 
distribution is usually about 25% Sp and 75% Sj . It is clear that the B band often appears as a mixture of 
B1+B2, with the proportion of the two depending on the initial S-state distribution. Thus, the reaction 
giving rise to the composite B band may be written as: [S2/S3 QB ] -+ [Si/S 2 'Qb] hv^ 

TheB|- andB2-bands usually appear merged [see Fig. 2 (B)] but a clear split ofthe two bands can be 
observed at pH<6, with the B2-band shifted to a higher temperature, the shift resulting from protonation 
of Ob'. For reasons not yet clear, the amplitude ofthe B,-band is usually greater than that ofthe B^-band 
by a factor of ~2 [see Fig. 2 (B)]. 

As shown in Fig. 1, the presence of DCMU blocks electron transfer from Qa'Io Qb (since it displaces 
Qb) and thus generates a new thermoluminescence band called the D-band (often called the A-band) 
which is attributed to charge recombination in [S2 'Oa ] (see Fig. 3). The D-band occurs at a slightly 
lower temperature than the B-band, as the activation energy required for the charge recombination in 
[S2 'Oa] is expected to be less than that in [S2 ‘Qb']- This assignment was also made in an earlier analysis 
of Rubin and Venediktov'^. 
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Fig. 4. (A) Glow curves for spinach-leaf discs after a series of flashes (f-numbers). (B) Thermoluminescence intensity at 35 ®C 
plotted as a function of flash number. Figure source: Rutherford, Govindjee and Inoue (1984) Charge accumulation and photo- 
chemistry in leaves studied by thermoluminescence and delayed light emission. Proc Nat Acad Sci, USA 81 : 1109. 

Rutherford, Crofts and Inoue'^ showed that a single flash given to chloroplasts at -15 °C gives rise to 
the B band which they, like Rubin and Venediktov'^, attributed to the reaction, [S 2 -Ob~] [Si'Qb] + fiPf: 
[see Fig. 5 (A), curve (a)]. However, the application of a single flash to a DCMU-treated chloroplast 
sample at -15 °C gives rise instead to a D-band (sometimes also called the Q-band) [see Fig. 5 (A), curve 
(b)]. The D-band is attributed to the reaction, [S 2 'Qa'] —>■ [S|’Qa] + /ftf. (D-band), which is not unex- 
pected since electron transfer from QA~to Qg is blocked by DCMU (see Figs. 1 and 3). The rise of the D- 
band in the presence of DCMU was also experimentally confirmed with spinach leaves'*, as shown in 
Fig. 5 (B). The double peak appearing in the D-band near 20 °C in Fig. 5 (A) was reported to be caused 
by a “solid-to-li quid” transition of the aqueous cellular medium, as only a single band was observed. A 
sinbgle peak can be observed by using a medium containing 50% glycerol. However, a medium with 
increased viscosity is unsuitable for making anaerobic manipulations. 

An interesting finding with respect to the B- and D-bands was reported by Govindjee, Koike and 
Inoue^" with the thermophilic cyanobacterium Synechococcus vulcanus. Thermophilic cyanobacteria are 
unique in that many of their properties, such as optimum growth temperature, protein-denaturation tem- 
perature, and the stability of the various charged pairs are significantly different from those of meso- 
philic plants and algae. The unique thermal properties are clearly reflected in the emission temperature 
for the B and D bands found in Synechococcus vulcanus without and with 1 0 pM DCMU, respectively. 
The B-band in spinach chloroplasts usually appears at about 30 °C and the D-band between 0 and 10 °C, 
but the corresponding bands in the thermophilic cyanobacterium Synechococcus vulcanus appear some 
20-30 degrees higher, at 55 °C and ~35 °C, respectively, as shown in Fig. 5 (C). Note that the band curves 
in Fig. 5 (C) were not corrected for the baseline drift (the dashed curve) due to “chemiluminescence” of 
the sample. 

The involvement of Qb has been independently confirmed by Wydrzynski and Inoue^' from the effect 
observed upon selective removal of Qq by a heptane/isobutanol extraction procedure that does not dis- 
turb the primary quinone Qa . The flash-induced thermoluminescence glow curve in the extracted chlo- 
roplasts is identical to that in the DCMU-treated chloroplasts, namely, the B-band is absent and in its 
place there is a D-band arising from charge recombination in [S 2 /S 3 'Qa~]. By reconstituting lyophilized 
chloroplasts with native plastoquinone, the B band was restored. Also of interest is the observation that 
when phenyl-p-benzoquinone or 2,5-dimethyl-p-benzoquinone was added to reconstitute the extracted 
sample, the glow curves were not only different from each other, but also did not display the normal, 
DCMU-generated D-band. These results indicate that the role of the extracted Q,j in photosystem II may 






414 




(C) S. vulcanus cells 




Fig. 5. (A) Thermoluminescence as a function of temperature in dark-adapted spinach chloroplasfs without (a) and with (b) DCMU, 
yielding the B- and D- (or Q-) bands, respectively. (B) Similar TL as in (A) in spinach-leaf discs, without (a) and with 2 pM DCMU 
(b). A single flash given at -15 ”C and sample quickly frozen to 77 K. (C) TL of thermophilic Synechococcus vulcanus cells without 
(a) and with 10 pM DCMU present (b). Figure source: (A) Rutherford, Crofts and Inoue (1982) Thermoluminescence as a probe of 
photosystem II photochemistry. The origin of the flash-induced glow peaks. Biochim Biophys Acta 682: 460, (B) Rutherford, 
Govindjee and Inoue (1984) Charge recombination and photochemistry in leaves studied by thermoluminescence and delayed 
light emission. Proc Nat Acad Sci, USA 81: 1109; (C) Govindjee, Koike and Inoue (1985) Thermoluminescence and oxygen 
evolution from a thermophilic blue-green alga obtained after single-turnover light flashes. Photochem Photobiol 42. 581 . 



be filled by a relatively simple quinone, albeit with different properties, presumably because of differ- 
ences in the binding of these quinones. Not surprisingly, a similar restoration of the B-band in DCMU- 
treated samples cannot be effected simply by the addition of plain benzoquinone. 

Alteration of the oxidizing side would also be expected to affect the B- and D-bands. The so-called 
ADRY agents (acceleration of the deactivation reaction of the water- splitting enzyme Y) such as 2-(3- 
chloro-4-trifluoromethyl) anilino-3,5-dinitrothiophene (ANT-2p), are known to deactivate the higher S- 
states to a lower one (see Chapter 18, Section I.C.) and, in fact, the effect of ADRY agents on both the B- 
and D-bands has been demonstrated by the elegant results of Renger and Inoue^^. Spinach chloroplasts 
with the initial charged-pair states [S 2 'Qb ] and [S 2 'Qa ’] were first generated by applying a single, S-jus 
saturating flash to one sample at room temperature and containing no DCMU and to a second sample 
with DCMU present but at -15 °C, and then immediately freezing each rapidly to 77 K. The effect of the 
ADRY agent ANT-2p is shown in Fig. 6. 

Chloroplasts present in the [S 2 'Qb ] state, i.e., one produced by one flash without DCMU present, have 
a prominent B-band between 20 and 30 °C, as shown in Fig. 6 (A), trace (a). At an ANT-2p concentration 
of 1 |.iM, corresponding to less than one ANT-2p molecule per 2000 chlorophyll molecules, i.e., less 
than one molecule per reaction center, the B-band is virtually abolished [Fig. 6 (A), trace (b)]. The 
authors also reported that the use ofNM (n-methyl) ANT-2p, a structurally related but totally ADRY- 
inactive compound, has practically no effect on the B-band peak height (not shown). 

In chloroplasts present in the [S 2 'Qa~] state, ANT-2p has a significantly smaller effect on the D-band 
appearing between -10 and -t-10 °C, than on the B-band. Fig. 6 (B), trace (a) is that for the normal 
DCMU-generated D-band, and without ADRY agent present. At 1 )aM ANT-2p, the band height is only 
slightly affected [Fig. 6 (B), trace (b)] while at 1 0 p.M ANT-2p a more noticeable effect is observed [Fig. 
6 (B), trace (c)]. It was estimated that one ANT-2p molecule per 100 chlorophyll molecules was required 
for a 50% reduction in peak height. The usual mechanism proposed for the action of ADRY agent 
assumes a lateral diffusion of the mobile ADRY molecules within the thylakoid membrane at ambient 
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(A) [Ss-Qb’ ] state (B) [Sj-Qa' ] state 





Fig. 6. (A) The effect of ANT-2p on the TL bands in dark-adapted chloroplasts in the absence of DCMU after being illuminated with 
one 5-fjs flash and then rapidly frozen to 77 K. (B) The effect of ANT-2p on the TL bands in chloroplasts in the presence of DCMU, 
without (a) and with ANT-2p (b and c). See text for discussion. Figure source; Renger and Inoue (1983) Studies on the mechanism 
of ADRY agents (agents accelerating the deactivation reactions of water-splitting enzyme system Y) on thermoluminescence 
emission. Biochim Biophys Acta 725: 148. 

temperature. In the case of the D-hand, which occurs at or near zero temperature [Fig. 6 (B)], a reduced 
mobility of the ADRY-agent molecules is expected and only portion of the oxygen-evolution complexes 
that have ANT-2p molecules already in their proximity would be able to undergo effective, ADRY- 
agent induced acceleration of S^-state decay and thus result in a reduction of the D-band height. In 
addition, under these conditions, the recombination between and S 2 is competitive with the S 2 -state 
decay induced by ANT-2p. 



11.3. The A, Af and Z Bands 

The three remaining thermoluminescence bands shown in Fig. 3, the A, Ay and the Z bands, will now 
be discussed. The A band with an emission temperature of about -10 °C is attributed to charge recombi- 
nation in [Sj'Qa"] . This state is not easily created to the exclusion of all other states, as the formation of 
the S 3 -state from dark-adapted chloroplasts requires two flashes, which would thus lead to the formation 
of Creation of the [S 3 'Q;^"] -state and the assignment of it as the origin for the A-band were largely 
achieved through the work ofinoue and coworkers^^’^"^ and Demeter, Rosza, Vass and Sallai^^. 

The protocol for producing the [S 3 'Qa‘] state is as follows. The PS-II material is first given two flashes 
at room temperature and then rapidly cooled to 77 K, and after which it is then further illuminated by 
continuous light. Samples prepared in this fashion produce the A-band appearing at about -10 °C. In this 
procedure, illumination of the PS-II material at room temperature by two flashes produces the |S 3 'Q 3 ] 
state, which is incapable of producing thermoluminescence because of the lack of a negatively charged 
species (see formulation below). Subsequent illumination with continuous light at 77 K causes the re- 
duction ofQA.toQA” and oxidation ofCyt b559 (or chlorophyll) instead of an advance in the S-state in 
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the oxygen-evolution complex, as the S 3 -state formed earlier is stable at 77 K and unaffected by illumi- 
nation at this temperature. But now , formed by illumination at 77 K, can recombine with the trapped 
S 3 -state to give the A-band. This experimental procedure for producing the [S 3 ' 0 ^ ] state was appropri- 
ately called “sequential stabilization of S 3 and by two-step illumination at different temperatures” 
by Koike, Siderer, Ono and inoue in the title of their paper^^ on this subject. The reactions involved in 
this protocol may be illustrated as follows: 






:hv-2 



PQ PQHj 

2-1-LZ 



[Si-QA-QB]^[S2-QA-QB]-|e[^3-QA-QBl^[S3-QA-QB]- 

rapidly cooled to 77 K 



[Ss’Qa'Qb] ~7^'^[^3‘Qa’Qb ] ~ [S2'Qa‘Qb ] + I (A-band) 



7T 



Cyl**bSS9 Cyt’*b559 



The Other less common thermoluminescence band, the A-j-band, has an emission temperature very 
similar to that of the A-band, i.e., about- lO °C, and thus the designation A| is used to distinguish it from 
the A-band. it is observed in Tris-treated thylakoids which lack oxygen-evolution activity and therefore 
is not likely to involve the S-states. Ono and inoue^’ ascribed the Aj band emission to the recombination 
between and an oxidized histidine residue in the PS-ii reaction center. This suggestion appears to 
have gained support from the recent work of Kramer et al?^, who found that the Aj-band emission is 
affected when either His 195 or His 190 is replaced in mutant PS-ii reaction centers. 

Finally, the Z-band, which is not included in the scheme shown in Fig. 3, is known not to be involved 
directly in the PS-ii electron-transport chain. The Z-band has an emission temperature of- 1 60 °C, and 
was found quite early by Arnold and Azzi* and independently by Shuvalov and Litvin®. Sonoike et al?'^ 
found the emission peak of the Z-band to be around 730 nm and that light-harvesting complexes, LHCi 
and LHCil, each of which is without a reaction center, and aggregated chlorophyll, all emit a strong Z 
band. The Z band is currently considered to likely have its origin in a light-harvesting complex. 

III. Concluding Remarks 

From the brief presentation of various thermoluminescence bands presented in this chapter, it can be 
seen that although thermoluminescence spectroscopy involves relatively simple techniques and modest 
instrumentation, it has been demonstrated to be a very versatile and useful probe for various PS-ii elec- 
tron-transport reactions. There is an abundant literature on the application of thermoluminescence in 
photosynthesis. Existing and potential applications in this field of research have been well summarized 
by Gabor Horvath^®: 

On the oxidizing side of photosystem ii: 

I. Redox properties of the various electron carriers located on the oxidizing side of photosystem ii: 
S-state properties and S-state transitions in the oxygen-evolution complex; role of manganese; temp- 
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perature dependence of S -state transitions; effects of site-directed mutagenesis; deactivation of the 
higher S-states and the action of ADRY agents; effects of chemical inhibitors; roles of inorganic 
cofactors such as Ca^' and CRions, the extrinsic polypeptides, bicarbonate^\ etc. 

2. The secondary electron donors Y^ (Slly^ andSIlf) andYD(SIIs); possible involvement of histidine 
residues, etc. 

On the reducing side of photosystem II: 

Redox properties of the secondary quinone acceptors; herbicide action, characterization of new her- 
bicides; characterization of herbicide-resistant species in conjunction with site-directed mutagen- 
esis, etc. 
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Fig. 1. Schematic representation of photosystem I. Composite figure (B) adapted from Bruce, Malkin, Wynn and Zilber (1989) 
Structural orgartizatior) and function of polypeptide subunits in photosystem I. In. J Barber and R Malkin (eds) Techniques and 
New Developments in Photosynthesis. NATO Adv Sci Inst Series, Ser A Life Sciences, p 76, and Schubert, Klukas, Krauli, 
Saenger, Fromme and Witt (1995) Present state of the crystal structure analysis of photosystem I at 4.5 A resolution In: P Mathis 
(ed) Photosynthesis: From Light to Biosphere. II: 5. Kluwer Acad Publ. For distances of cofactors in PsaA/PsaB, see Fig. 3 (A). 
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Photosystem I of green plants, algae and cyanobacteria undergoes redox reactions by using the elec- 
trons transferred from photosystem II, through Cyt b(f, to reduce NADP'. The NADPH in turn provides 
the reducing power for CO 2 fixation. A graphic overview of the photosynthetic thylakoid membrane in 
green plants, including an expanded view of photosystem I, is shown in Fig. 1. 



I. Pigment Molecules, Cofactors, and Protein Subunits of the Photosystem-I Reaction 
Center 

The PS-I reaction center is remarkably similar to the reaction center in photosynthetic bacteria and to 
photosystem II in green plants with respect to the apparent symmetrical arrangement of the major pro- 
teins and the associated pigment molecules and cofactors. For example, the two large heterodimer- 
forming proteins that are encoded by the psaA and psaB genes, in photosystem I, are the counterparts of 
the L- and M-subunits of the photosynthetic bacterial reaction center and of the D1 and D2 subunits of 
the PS-II reaction center. While both the PS-II and purple bacterial reaction centers use pheophytin and 
quinones (plastoquinone, ubiquinone, or menaquinone) as the primary and secondary electron accep- 
tors, the PS-I reaction center is similar to that of green sulfur bacteria and heliobacteria in the use of iron- 
sulfur proteins as secondary electron acceptors. It may be noted, however, that the primary electron 
donor in all reaction centers is a dimer of chlorophyll molecules. 

Photosystem I has been characterized as the long-wavelength system, in contrast to photosystem II, as 
it can be activated by light having wavelengths greater than 690 nm. Electron transfer in PS I, as indi- 
cated in Fig. 1, is initiated by a photo-excited charge separation in which the excited P700 loses an 
electron and thus becomes oxidized, the electron first going to the primary acceptor, a monomeric Chl- 
a molecule called Aq. The electron then goes next to the acceptor A|,a phylloquinone molecule (vitamin 
K|) and then in sequence to a series of membrane-bound, iron-sulfur centers, called FeS-X, FeS-B and 
FeS-A. These three membrane-bound, iron- sulfur proteins are of the [4Fe-4S] type, consistent with the 
finding of ~12 nonheme irons and ~12 acid-labile sulfur atoms per PS-I reaction center. The electron is 
then transferred to ferredoxin and finally to NADP^ via Fd-NADP*-reductase (FNR). The electron carri- 
ers, P700, Afl, A|, and FeS-X, are all bound to the two large protein subunits PsaA and PsaB, while both 
FeS-A and FeS-B are bound to the extrinsic protein subunit PsaC. 

TheP700VP700 couple has a redox potential of -1-0.45 V [c/. redox-potential scale in Fig. 2]. The of 
the Aq/Aq" couple is probably less than -1 V if it is consistent with the in vitro redox-potential value of 
Chl/Chl'of < -1 .0 V. The initial charge separation into P700"^ and Ag" would store approximately 1.5 eV 
out of -1.8 eV of energy of the absorbed 700-nm pboton. Tbe redox potential oftbe A|/A|" couple is 
probably - -0.8 V. The redox potentials of the iron-sulfur centers FeS-X, FeS-B and FeS-A have been 
experimentally determined to be -0.73, -0.58 and -0.53 V'’^, respectively. The final electron acceptor in 
photosystem I is the [2Fe-2S]-type ferredoxin (Fd) present in the stroma region of the chloroplasts and 
having a redox potential of - -0.4 V. Under iron-deficient growth conditions, a flavoprotein called 
flavodoxin is synthesized as a replacement acceptor for ferredoxin. 

The oxidized P700’’ is reduced by the copper protein, plastocyanin, present in the lumenal space of the 
thylakoid. Reflecting the overall reaction it supports, the PS-I reaction center is sometimes called 
“plastocyanin-ferredoxin-oxidoreductase.” Note that in cyanobacteria the corresponding electron donor 
is cytochrome c552 rather than plastocyanin and some algal species when in a copper-deficient medium 
synthesize a c-type cytochrome as a replacement for plastocyanin. The complete electron-transport chain 
ofphotosystem I is shown in Fig. 2. The approximate redox potentials and halftimes for forward electron 
transfers at ambient temperature are also indicated. Perhaps to assure wasteful back reactions are mini- 
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mized the times required for the early steps in charge separation and electron transport are extremely 
short, ranging from pico- to nanoseconds. A similar kinetic pattern applies to the corresponding events 
in bacterial and photosystem- II reaction centers also. Forward electron-transfer rates at room tempera- 
ture and below, as well as rates for charge recombination involving these electron carriers, will be 
discussed further in subsequent chapters. 

Figure 2 sets the stage for the sequence to be followed in the discussion of the electron carriers and the 
electron-transport reactions in Chapters 26 to 33. Similar to the discussion of photosystem II, an ap- 
proximate chronological order for the discovery of the electron acceptors will also be followed here. 
Because ofthe limited time resolution of the various experimental techniques available in earlier inves- 
tigations, the more stable reduced acceptors were usually discovered before those with shorter lifetimes 
and thus a discussion based on the chronological order of their discovery seems reasonable. 
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Fig. 2. Photochemical charge separation in photosystem I and the subsequent electron-transfer reactions 
all the way to ferredoxin. the electron donor for each succeeding step is indicated by a small, arched arrow. 
The reaction times at ambient temperatures are shown. 
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II. Three-Dimensional Structure of the Photosystem-I Reaction Center 

The three-dimensional structure of the reaction center of photosynthetic bacteria has been known for 
well over a decade now [see Chapter 3], but structural information on the photosystem-I reaction center 
is still preliminary, although some tentative but important information regarding the distances and orien- 
tation between the various electron-transport cofactors and the placement of the protein helices is now 
available. 

Work on the three-dimensional structure of PS-I reaction center began around 1986 with its crystalli- 
zation by Ingrid and Horst Witt and coworkers^ and by Ford, Picot and Garavito"^. A highly purified and 
photochemically active PS-I reaction-center complex ofthe thermophilic cyanobacterium Synechococcus 
sp. was used by (I) Witt, Witt, Di Fiore, Hinrichs, Saenger, Grenzen, Betzel and Dauter^ to obtain hexa- 
agonal plates and needles ofmillimeter dimensions suitable for X-ray diffraction work. In the meantime, 
electron-microscopy work by Boekema, Dekker, van Heel, Rogner, Saenger, (I) Witt and Witt® showed 
that in the crystalline form the cyanobacterial PS-I complex is present in the form of a reaction-center 
trimer, which was presumed to be the photoactive form in vivo. The PS-I monomer itself has a mass of 
-340 kDaand contains -90 core-antenna chlorophylls. The PS-I trimer complex is approximately circu- 
lar in shape, 6 nm thick with a diameter of 19 nm, and a mass of 1020 kDa. The unit cell ofthe crystal is 
tetragonal with a=b=28.7 nm and c=16.7 nm, and can accommodate two trimers. 

Figure 3 shows the locations of the cofactors in the PS-I reaction-center core based on recent X-ray 
crystallographic data obtained by the Berlin group at 4.5 A resolution^. All the electron-transport cofac- 
tors in the reaction-center core are bound to the PsaA/PsaB protein heterodimer which has a twofold 
virtual axis ofrotation that passes through P700 and the iron-sulfur center FeS-X. The “disks” 8-10 A in 
diameter and 4-5 A thick seen in the electron-density map have been interpreted as representing 
dihydroporphyrin rings of chlorophyll a, since at 4.5 A resolution they clearly show features of large 




(B) 




Fig. 3. (A) Arrangement of pigment molecules and electron-transfer cofactors in the PS-I reaction center, viewed along the 
membrane plane. Numerical values are distances in A. (B) stereo view ofthe same pigment and cofactor molecules as in (A). Both 
figures adapted from Schubert, Klukas, Krauft, Saenger, Fromme and Witt: (A) (1995) Present state of the crystal structure 
analysis of photosystem I at 4.5 A resolution. In: P Mathis (ed) Photosynthesis: From Light to Biosphere. II: 5. Kluwer. (B) (1997) 
Photosystem I of Synechococcus etongatus at 4 A resolution: comprehensive structure analysis. J Mol Biol 272: p 756. Also see 
Color Plate 1 0 for a color rendition of the electron-density map of (A). 





Chapter 25 Photosystem I Introduction 



423 



aromatic molecules. The two chlorophyll molecules located near the lumen end ofthe twofold rotation 
axis were assigned to the chlorophyll dimer of P700. The flattened nature of these two disks allow 
estimation of their spatial orientation. The two chlorophyll molecules (P700) are perpendicular to the 
membrane plane and parallel to each other at a minimum distance of4.5 A with their centers offset by 9 
A. Present resolution still does not allow a determination ofthe rotational orientation ofthe chlorophylls 
within the the planes ofthe disk plane. The orientation ofthe P700 dimer with respect to the membrane 
plane as revealed by X-ray crystallography is consistent with that previously reported by Rutherford and 
Setif^ from EPR measurements. On the lumen side, there appears a depression 10 A deep, which is most 
likely the docking site for the electron donor to P700*, namely plastocyanin. The newly evaluated dis- 
tances between the various electron carriers are indicated in Fig. 3 (A). A stereo view ofthe pigment and 
cofactor molecules is included in Fig. 3 (B), which shows more clearly the orientation of the various 
porphyrin planes. A corresponding electron-density map in color is shown in Color Plate 10. 

Two areas of electron densities near P700 were previously observed at 6 A resolution and attributed to 
the chlorophyll(s) ofAo- Measurements at 4.5 A resolution have identified two additional chlorophyll-a 
molecules (labeled “A” and “A' ” in the figure) which are related to each other by twofold symmetry 
inside the heterodimer subunit. Two regions ofhigh electron density were revealed in the 4.5 A-resolu- 
tion map just above the two monomeric Ao-chlorophylls and were attributed to phylloquinones ofthe 
A I -acceptors. However, they have not yet been clearly distinguished from the protruding aromatic amino- 
acid residues ofthe a-helices ofthe protein subunits. 

The presence of the two new chlorophyll molecules (“A” and “ A' ”) is significant in that it points to the 
similarity between the photosystem-I and the purple-bacterial reaction centers with regard to the elec- 
tron-transport pathway and the kinds of pigment molecules involved, as well as their locations. While 
the involvement of an intermediary chlorophyll in electron transport in photosynthetic bacteria has gradu- 
ally become clear (see Chapter 7), a similar involvement of an intermediary chlorophyll in photosystem 
I can only be surmised at present. With regard to the various cofactors involved, it is not known yet 
which ofthe two branches, primed or unprimed in Fig. 3, constitutes the photoactive electron-transport 
pathway. In any event, a unidirectional electron flow along a “P700->(A[Chl]?)->Ao->A|-»FeS-X-^ 
FeS-(A/B)” pathway is clearly indicated. 

Three high-density areas on the stroma side are observed in the electron-density map and have been 
interpreted to represent the centers of gravity ofthe three iron-sulfur centers FeS-X, FeS-B and FeS-A. 
The three FeS centers are pictured as small cubes in Fig. 3 (with arbitrarily assigned orientation). The 
three FeS centers form an irregular triangle which is coplanar with the local twofold axis. The cluster 
nearest the lumenal surface is attributed to FeS-X which is known to be coordinated to the heterodimer 
subunits through a total of four cysteines, two from each of the two subunits (see Fig. 1). The other two 
high-density spots are attributed to FeS-A and FeS-B, although an assignment of either FeS-A or FeS-B 
to one region or the other is not possible at this time. The axis between the FeS-A and FeS-B is tilted by 
~54° from the c-axis with a distance of 12.5 A between them. The distances from FeS-X to the two FeS- 
(A/B) centers are 15.4 and 22.2 A, respectively^"^. 

III. Protein Subunits of the Photosystem-i Reaction Center 

The PS-I reaction center is composed of a number of polypeptides, of which the two major polypep- 
tides that make up the heterodimer in the reaction center are encoded by the psaA and psaB genes. Before 
proceeding further, a word on the nomenclature used here for the PS-I genes and their protein products 
may be useful. Following the practice of Golbeck*^' and Bryant*^^, the genes that encode the subunit 
proteins are designated as “psaX" (note the italics), while its protein product is designated as “PsaX” 
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Fig. 4. Polypeptide subunits of photosystem I. Each trans- 
membrane polypeptide is labeled by its symbol and the 
number of helices it contains. Properties of polypeptides 
of cyanobacteria and higher plants are shown in the accom- 
panying table. Figure adapted from Pakrasi (1995) Gene- 
tic analysis of the form and function of photosystem I and 
photosystem II. Annu Rev Genetics 29: 763. 



Table I. Genes and protein subunits of photosystem 1 



Gene 


* 

Encoded 


Protein 


MW** 


Location 


Composition / Function 


psaA 


C 


PsaA 


83.1 


Transmembrane 


Core proteins of the heterodimer, 


psaB 


C 


PsaB 


83 


n 


--90 Chi a’s, 10-15 P-carotenes; 
Binding P700, (A), Aq, A,, FeS-X; 
Charge separation and stabilization; 
Core antenna and photoprotection 


psaC 


C 


PsaC 


8.8 


Stroma 


FeS-A / FeS-B; e' donation to Fd; 


psaD 


N 


PsaD 


15.4 




Fd docking and PsaC orientation; 


psaE 


N 


PsaE 


8.4 




Facilitating Fd and FNR interaction; 
Cyclic electron transport (?) 


psaF 


N 


PsaF 


15.1 


Lumen 


Plastocyanin docking 


psaG 


N 


PsaG 


10.8 


Transmembrane 


Binding LHCI (?) 


psaH 


N 


PsaH 


10.2 




Binding LHCI (?) 


psal 


C 


Psal 


4.0 


’’ 


Quinone binding (?) 


psaJ 


C 


PsaJ 


5.0 




Stabilizing PsaF 


psaK 


N 


PsaK 


9.0 


II 


Interacting with LHCI (?) 


psaL 


N 


PsaL 


18.0 


n 


Involved in PS-I trimer formation; 
Regulating state transitions 


psaM 


N 


PsaM 


3.3 




Cyclic electron flow (?) 


psaN 


N 


PsaN 


8.8 







* C, N Indicates gene localization on ghioroplasi or nuclear genome. ■* MW in KDa. 



(non-italic but P is uppercase). Note, however, that a universal nomenclature has not yet been adopted. 
For instance, some workers use the notation PSI-A, PSI-B, etc. in place of PsaA and PsaB. Nathan 
Nelson, who pioneered the fractionation of PS-I reaction-center polypeptides nearly 25 years ago®, used 
Roman numerals for their designation, and still retains this usage. Note that the heterodimer with the 
cofactors is also known as the “P700-chlorophyll a protein 1” or “CPI.” 

For the purpose ofthe discussion to follow, we show in Fig. 4 a model ofphotosystem I containing the 
major known protein subunits of PS I in cyanobacteria, together with Table I listing the properties of the 
currently known PS-I protein subunits, including their locations (intrinsic or extrinsic), the molecular 
mass deduced from the gene sequence, and their known functional roles. We will discuss the PsaA and 
PsaB proteins in some detail in this chapter and the others in later chapters. 
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Table I lists ten known intrinsic membrane proteins, the three extrinsic proeins on the stroma side, and 
the one extrinsic protein on the lumen side. Of these fourteen protein subunits, five are encoded by the 
chloroplast genes and nine encoded by the nuclear genes. PsaA and PsaB bind most, if not all, the non- 
metal cofactors, are the major transmembrane structure proteins in the PS-I reaction center. The 8.8-kDa 
PsaC protein cont a ins the FeS-A and FeS-B iron-sulfur centers, while the PsaD and PsaF proteins pro- 
vide docking sites for the small, soluble electron carriers ferredoxin and plastocyanin, respectively. 
PsaD is also known for orienting PsaC and stabilizing the interaction between FeS-A/B and Fd. The 
PsaE protein facilitates interaction between Fd and the Fd-NADP'^ oxidoreductase and may also serve to 
protect PsaC from an oxidative environment. Deletion of the psaF gene in Synechocystis has no notice- 
able effect on P700^ reduction by plastocyanin or Cyt c553 but eletion of the psaFgtnc in the eukary- 
ote, Chlamydomonas, has a strong effect. Apparently PsaF is involved in the docking of plastocyanin in 
eukaryotes but not in prokaryotes. 

The functional roles ofthe remaining PS-I protein subunits are as yet unclear or speculative but some 
that have been suggested are listed in the table. PsaG and PsaH, for example, may be involved in docking 
the LHCI antenna complexes, since in the cyanobacterial PS-I complex, where LHCI complexes are not 
found, PsaG and PsaH are also absent. Some other suggested functional roles may also be briefly men- 
tioned. From the similarity of the amino-acid sequence of Psal to that of the D2 helix in PS II, it has been 
inferred that it may bind phylloquinone (A ,) in the PS-I core complex. PsaL is generally considered to be 
required for the formation of PS-I trimers in cyanobacteria, as PS-I trimers are not formed in mutants 
lacking PsaL. 



III. A. Structure derived from Biochemical Studies 

The psaA andpsaB genes were first identified and sequenced in maize by Fish, Kiick and Bogorad^®. 
At the present time these two genes have been sequenced for many species of higher plants, algae, and 
cyanobacteria, (see R2 for more details and compilation of sequences for ten organisms). Depending on 
the species, PsaA contains between 739 and 751 amino acids and PsaB between 733 and 737 amino 
acids, each protein with a molecular mass in the range of 82-83 kDa. These two proteins share 45% 
identity in their amino-acid sequences, which increases to nearly 95% among higher plants. These char- 
acteristics indicate that PsaA and PsaB have evolved through gene duplication and subsequent diver- 
gence. The complete amino-acid sequence of 739 amino acids for PsaA of Synechococcus sp. is shown 
in Fig. 5 (A). In the figure, every tenth amino-acid residue is underlined and the eleven sequences of 
contiguous amino acids that are hydrophobic and therefore potentially helix-forming are bracketed. 

Both PsaA and PsaB are highly hydrophobic. Hydropathy plots of the polypeptides obtained by 
Miihlenhoff, Haehnel, Witt and Herrmann’^ for PsaA of Synechococcus suggest the presence of 11 
membrane-spanning helices in each polypeptide, as shown in Fig. 5 (B). The corresponding model ofthe 
protein is shown in Fig. 5 (C). Of course, as expected, PsaA from cyanobateria is remarkably similar to 
the corresponding PsaA from eukaryotic PS-I reaction centers. It is of interest to note that Liebl, 
Mockensturm-Wilson, Trost, Brune, Blankenship and Vermaas^^ found that the two major transmem- 
brane proteins from the photosynthetic bacterium Heliobacillus mobilis are very similar to PsaA and 
PsaB from eukaryotic PS I and also contain 1 1 transmembrane helices. 

Four cysteine residues, two in each of the conserved segments between helices VIII and IX in PsaA 
and PsaB coordinate to the four irons in the iron-sulfur cluster FeS-X between PsaA and PsaB. These 
cysteines are represented by “c” in Fig. 5 (C). Based on the large number of leucine residues present in 
helix VIII, Webber and Malkin*^ and Kossel, Dory, Igloi and Maier'"^ independently proposed a leucine 
zipper motif as a means for providing contact between PsaA and PsaB in the formation ofthe dimer. The 
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Fig. 5. (A) Amino-acid sequence for PsaA of the cyanobacterium Synechococcus sp. PCC 7002; (B) hydropathy plot for PsaA 
subunit polypeptide of Synechcxx)ccus sp.; (C) Helical-column model for PsaA. (A) from Cantrell and Bryant (1987) Molecular 
cloning and nucleotide sequence of the psaA and psaB genes of the cyanobacterium Synechococcus sp. PCC 7002. Plant Mol 
Biol 9: 460; (B) from Miihlenhoff (1991) ZurPrimbr- und QuartSrstrukturdes Photosystems I aus dem thermophilen Cyanobakterium 
Synechococcus sp. Ph.D. Thesis, Technische Universitat Berlin, p 60; (C) adapted from Fish, KQck and Bogorad (1985) Analysis 
of the two partially homologous P700 chlorophyll a proteins of maize photosystem I: Predictions based on the primary sequences 
and features shared by other chlorophyll proteins. In; KE Steinback, S Bonitz, CJ Arntzen and L Bogorad (eds) Molecular Biology 
of the Photosynthetic Apparatus, p 1 12, Cold Spring Harbor Laboratory. 
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leucine zipper has been suggested as a means for facilitating the insertion of the iron-sulfur cluster FeS- 
X and for its stabilization. However, Smart, Warren, Golbeck and McIntosh*^ prepared mutants by site- 
directed mutagenesis in the leucine-zipper motif in PsaB of photosystem I in Synechococcus sp. and 
found that single mutants with Leu-522— >Val, Leu-536->Met and the double mutant (Leu-522->Val) + 
(Leu-536->Mct) all behaved identically to the wild-type photosystem I, grew photoautotrophically and 
underwent light-induced charge separation and electron transport to iron-sulfur centers FeS-(A/B). Only 
Leu-522->Pro mutant was found incapable of the assembly of the PS-I reaction center. The authors 
inferred from these results that the leucine-zipper motif may not be required for the heterodimer forma- 
tion in PS-I reaction centers. In this regard, it is of interest to note that the leucine-zipper motif is absent 
in the reaction-center protein of Heliobacillus mobilis , a PS-I analogue. 

We have already seen that, like the heterodimer in the bacterial reaction center, heterodimer in PS I 
binds all the electron-transport pigment molecules and cofactors, with the possible exception of A| 
(phylloquinone). One difference from the “bacterial reaction center,” however, is that the PS-I reaction 
center contains a number of smaller polypeptides with molecular masses in the 3.5-15.5 kDa range. A 
second distinguishing characteristic of the PS-I reaction center is that it also contains approximately 90 
antenna chlorophyll molecules and 10 to 15 (3-carotene molecules per P700^* '^^, where both PsaA and 
PsaB contain an unusually large number of histidines, which it is thought may be needed for binding the 
core-antenna chlorophylls. 



1 1 LB. Structure derived from X-ray Crystallography 

In the earlier crystallographic work carried out with the trimer crystals of the Synechococcus sp. reac- 
tion center at 6 A resolution , 21 tubular structures could be identified in the electron-density map and 
were attributed to transmembrane a-lielices in the PS-I reaction-center monomer. In more recent work at 
4.5 A resolution^ and later at 4 A resolution^^, however, 29 and 31 transmembrane a-helices could be 
observed in the respective electron-density maps. In the model shown in Fig. 6 (A), based on the 4.5 A 
study the 29 a-helices are depicted as rods of different shades. The three iron-sulfur clusters, FeS-X and 
FeS-A/B, are shown immediately above the shaded rods. Another perspective may be obtained by view- 
ing the structure in (A) from the stroma side of the membrane, as shown in Fig. 6 (B). Here the rods 
representing the helices belonging to PsaA and PsaB are shown confined inside the dashed areas. The 
symmetry axis is shown by a dot at the PsaA/PsaB interface. 

In accord with the prediction made from hydropathy plots, eleven a-helices attributable to each PsaA 
and PsaB subunit are now identified at 4.5 A resolution, as shown by the shaded rods and marked as a 
through i, t, u and a' through i', t', u', respectively. The two sets of helices are spatially related to each 
other by the axis of local twofold symmetry [a to a', b to b', etc.], passing through P700 and the iron- 
sulfur cluster FeS-X. Near the PsaA and PsaB interface, the five helices e, f, g, h, i of PsaA and the 
corresponding five helices e', f , g', h', i' of PsaB surround the twofold rotation axis as well as the 
electron-transport chain containing P700, Aq, A| and FeS-X. Helices a, b, c, d from PsaA and a', b', c', d' 
from PsaB are the peripheral helices, which had already been observed at 6 A resolution . Helices t, t', 
u and u' were newly observed at 4.5 A resolution. For a more current representation of Fig. 6 (A) and (B), 
see Color Plate 1 1 (A) and (B). 

In the earlier work at 6-A resolution, two helices parallel to the membrane plane were observed on the 
lumen side of PsaA and PsaB and designated as n and n'. Two other and similar horizontal helices, 
designated as s and s', have also been found lying on the stroma side in the 4.5 A electron-density map. 
These two pairs of helices shown as dotted rods in Fig. 6 (B) are thus located on the opposite sides of the 
thylakoid membrane. In more recent reports by the Berlin group , further assignment of some of the 
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Fig. 6. Model of arrangement of helices (rods) in a PS-1 RC monomer. (A) viewed along and (B) toward the membrane plane from 
the stroma side. The three iron-sulfur clusters on the stroma side are shown as cubes in (A). See text for other details. Figure 
source: Schubert, KiuKas, KraulJ, Saenger, Fromme and Witt (1995) Present state of the crystal structure analysis of photosys- 
tem I at 4.5 A resolution. In; P Mathis (ed) Photosynthesis: From Light to Biosphere, II: 5. Kluwer Acad Publ. Also see Color Plate 
1 1 (A) and (B) for more updated representations. 

Other subunits have been made through various correlations: p, j, k to PsaL/Psal; 1, w to PsaK; m, q to 
PsaF/PsaJ and a newly found subunit [not shown in Fig. 6-(B)] to PsaM. 

The five inner helices e, f, g, h, i, plus the two sets of horizontal helices n and s, are shown in a different 
representation in Fig. 7 (A), again viewed along the membrane plane. The four peripheral helices a, b, c, 
d have been omitted in this figure for clarity. The three iron-sulfur clusters are shown on the stroma side, 
together with the two, one-turn helices of PsaC. Six chlorophyll molecules representing P700, A and Aq 
are also shown. Fig. 7 (B) shows the model viewed from the stroma side ofthe membrane plane. Again, 
for the sake of clarity, only the six chlorophyll molecules and the helices e, f, g, h and i are shown; the 
horizontal helices n and s and the helices belonging to PsaC are omitted here, as are the three iron-sulfur 
clusters. In this view, it can be seen that the two chlorophylls of P700 are in close contact with helices e 
and e'. The electron densities found in these regions ofthe contact have been attributed to His-680 from 
PsaA and His-660 from PsaB, each coordinated to a Mg atom in one ofthe two chlorophylls^®. 

The X-ray crystallographic work, even though still limited by resolution, has already pointed out 
significant features ofthe PS-I reaction center. The first is that the two sets of core helices, e, f, g, h, and 
i and their “prime” counterparts, closely resemble the ten helices in the L and M subunits ofthe purple- 
bacterial reaction center (see Chapter 2). Secondly, an active electron-transport chain, similar to that in 
the purple-bacterial reaction center, is operating via one of the two branches of cofactors between the 
primary donor P700 and iron-sulfur cluster FeS-X, although it cannot be certain which is the active 
branch yet. Further identification and assignment ofthe structural components in the PS-I reaction cen- 
ter await measurements at higher resolution. At the present 4.0 A resolution, it also has not yet been 
possible to distinguish between FeS-A and FeS-B. Nevertheless, having witnessed in the past decade 
what the three-dimensional-structure information of the bacterial reaction center has brought to the field 
of photosynthesis, one can look forward to an exciting new era in the research of photosystem I also. 
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Fig. 7. Three-dimensional view of the PS-1 reaction-center inner core. View directions in (A) and (B) correspond to those in Fig, 6, 
The helices are shown as ribbons. Figure adapted from Witt (1996) Primary reactions of oxygenic photosynthesis. Ber Bunsenges 
Phys Chem 100: 1938. 



For further reading 

R1 . JH Golbeck (1993) The structure of photosystem I. Current Opinions in Structural Biology 3: 508-514 

R2. DA Bryant (1992) Molecular biology of photosystem I, in The Photosystems: Structure, Function and 
Molecular Biology (J Barber, ed) pp. 501 -549. Elsevier 

R3. PR Chitnis, Q Xu, VP Chitnis and R Nechushtai (1995) Function and organization of photosystem I polypep- 
tides. Photosynthesis Res 44: 23-40 

R4. N Krau ,W Hinrichs, I Witt, P Fromme, W Pritzkow, Z Dauter, C Betzel, KS Wilson, HT Witt and W Saenger 
(1993) Three-dimensional structure of system I of photosynthesis at 6 ~ resolution. Nature 361: 

326-331 

R5. N Krau , W-D Schubert, O Klukas, P Fromme, HT Witt and W Saenger (1 996) Photosystem I at 4 ~ 
resolution represents the first structural model of a joint photosynthetic reaction centre and core antenna 
system. Nature Structural Biology 3: 965-973 

R6. W-D Schubert, 0 Klukas, N Krau , W Saenger, P Fromme and HT Witt (1997) Photosystem I of Synechococcus 
elongatus at 4 ~ resolution: Comprehensive structure analysis. J Mol Biol 272: 741 -769 

R7. K Brettel (1997) Electron transfer and arrangement of the redox cofactors in photosystem I. Biochim Biophys 
Acta 1318: 322-373 



430 



References 

1. B Ke, E Dolan, K Sugahara, FM Hawkdridge, S Demeter and ER Shaw (1977) Electrochemical and kinetic 
evidence fora transient electron acceptor in photochemical charge separtion in photosystem I. In: Photosyn- 
thetic Organelles (a special issue of Plant and Cell Physiology), pp 187-199 

2. B Ke, RE Hansen and H Beinert (1973) Oxidation-reduction potentials of bound iron-sulfur proteins of photo- 
system I, Proc Nat Acad Sci, USA 70: 2941-2945 

3. I Witt, HT Witt, S Gerken, W Saenger, JP Dekker and M R gner (1987) Crystallization of reaction center I of 
photosynthesis. Low-concentration crystaliization of photoactive protein compiexes from the cyanobacterium 
Synechococcus sp. FEBS Lett 221: 260-264 

4. RC Ford, D Picot and RM Garavito (1987) Crystailization of the photosystem I reaction center. The EMBO J 6: 
1581-1586 

5. I Witt, HT Witt, D DiFiore, W Hinrichs, W Saenger, J Grenzin, Ch Betzel and ZDauter (1988) X-ray characteri- 
zation of singie crystais of reaction center I of water spiitting photosynthesis. Ber Bunsenges Phys Chem 92: 
1503-1506 

6. EJ Boekema, JP Dekker, MG van Heel, M R gner, W Saenger, I Witt and HT Witt (1987) Evidence fortrimeric 
organization of the photosystem I complex from the thermophilic cyanobacterium Synechococcus sp. FEBS 
Lett 217: 283-286 

7. WD Schubert, O Klukas, N Krau , W Saenger, P Fromme and HT Witt (1 995) Present state of the crystal 
structure analysis of photosystem I at 4.5 " resolution, In: P Mathis (ed) Photosynthesis: From Light to Bio- 
sphere, II: 3-10. KluwerAcad PubI 

8. AW Rutherford and P Setif (1990) Orientation of P700, the primary electron donor of photosystem I. Biochim 
Biophys Acta 1019:128-132 

9. C Bengis and N Nelson (1977) Subunit structure of chloroplast photosystem I reaction center. J Biol Chem 252: 

10. LE Fish, U Kck and L Bogorad (1985) Two partially homologous adjacent light-inducible maize chloroplast 
genes encoding poiypeptides of the P700 chlorophylt a protein complex of photosystem I. J Biol Chem 

260: 1413-1421 

11. U M hlenhoff, W Haehnel, H Witt and RG Herrmann (1993) Genes encoding eleven subunits of photosystem 
I from the thermophiiic cyanobacterium Synechococcus sp. Gene 127: 71-78 

12. U LiebI, M Mockensturm-Wilson, JTTrost, DC Brune, RE Blankenship and W Vermass (1993) Singie core 
polypeptide in the reaction center of the photosynthetic bacterium Heiiobacilius mobiiis: Structural implications 
and reiations to other photosystems. Proc Nat Acad Sci, USA 90: 7124-7128 

13. AN Webber and R Malkin (1990) Photosystem I reaction centre proteins contain ieucine zipper motifs A 
proposed roie in dimer formation. FEBS Lett 264: 1-4 

14. K ssel, I D ry, G Igloi and R Maier (1990) A leucine-zipper motif in photosystem I. Plant Mol Biol 15: 497-499 

15. L Smart, PV Warren, JH Golbeck and L McIntosh (1993) Mutational analysis of the structure and biogenesis of 
the photosystem I reaction center in the cyanobacterium Synechococcus sp. PCC 6803. Proc Nat 

Acad Sci, USA 90: 1132-1136 

16. P Fromme, W-D Schubert and N Krau (1994) Structure of photosystem I: Suggestions on the docking sites 
for piastocyanin, ferredoxin and the coordination of P700. Biochim Biophys Acta 1187: 99-105 




Chapter 26 



Photosystem-I Membrane, Complexes and Crystals 



Early Work on Fractionation and Characterization of the Thylakoid Membrane 432 

A. Isolation and Characterization of Photosystem-I Reaction-Center Complexes 432 

B. Chemical Composition of an Intact Native Photosystem-I Reaction-Center Complex 435 

Simplified Photosystem-I Reaction-Center Complexes 437 

Crystals of the Photosystem-I Reaction-Center Complex 439 




^LHCH ' CCI 

' PS I 



Fig. 1 . Schematic representation of photosystem 1 {PS i) composed of the reaction-center core compiex (CC i) and the iight- 

harvesting complex (LHC I). 
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Photosystem I (PS I) consists of a reaction-center core complex [labeled “CC I” for core complex I ] and 
a light-harvesting complex [labeled “LHC I”], as shown in Fig. 1. The reaction-center complex ofphoto- 
system I is the subject of this chapter; the light-harvesting complex of photosystem I will be presented in 
the following chapter. The PS-I reaction center contains the primary electron donor P700 and five electron 
acceptors that are currently recognized: Aq (a chlorophyll molecule), A] (phylloquinone,or vitaminKi) 
and three iron-sulfur centers, FeS-X [also called A 2 or X], FeS-A and FeS-B [or P430]. In the initial 
charge separation induced by the absorption of a photon, P700 is oxidized to P700^ and Ao reduced to 
Ao”. The extra electron on the latter is then transferred further down the electron-transport chain to ferre- 
doxin, Fd. Meanwhile, P700* is reduced by plastocyanin, PC. As the major function of photosystem I is 
the photoinduced reduction offerredoxin by plastocyanin, itself being reduced by photosystem II, photo- 
system I has also been called “plastocyanin-ferredoxin-oxidoreductase.” In this chapter, we will present a 
brief historical review of the isolation of PS-I reaction-center complexes, followed by a review of the 
composition and organization ofthe polypeptide in the photosystem-I reaction-center core. 

I. Early Work on Fractionation and Characterization of the Thylakoid Membrane 

As seen from Fig. 1, in order to isolate the reaction-center complex ofphotosystem I, the light-harvest- 
ing complexes need to be removed. Unlike the bacterial reaction center, which can be purified to a state in 
which only the minimum number of components required for complete photochemical activity are re- 
tained, reaction-center components are retained, it has not yet been possible to obtain a similar simple 
reaction-center complex for photosystem I. One reason is that the PS-I reaction-center core also contains 
a fairly large number ofthe “core-antenna” chlorophylls (~90 per P700). In the following, we will discuss 
the various methods of fragmentation used in isolating photosystem-I, reaction-center complexes that 
retain different degrees of integrity with respect to the native reaction center. 



I. A. Isolation and Characterization of Photosystem-I Reaction-Center Complexes 

As pointed out in Chapter 1, photosystem-1 and -II complexes are spatially segregated in the thylakoid 
membrane. PS-II complexes, containing various electron-transport carriers together with their light-har- 
vesting proteins, are located in the stacked regions ofthe grana lamellae, while the PS-I complexes are in 
the unstacked regions ofthe thylakoids. Such a spatial arrangement provides the basis for the physical 
separation ofthe chlorophyll-protein complexes in spinach chloroplasts into two pigment systems, a situ- 
ation recognized and exploited more than three decades ago by Boardman and Anderson*. These workers 
incubated spinach chloroplasts in a solution containing the detergent digitonin and found that the resulting 
thylakoid fragments could be separated by differential centrifugation into two major fractions, called I and 

II, with the following characteristics: 





Fraction II (10,000 X g) 


Fraction 1 (144,000 X g) 


Chi aJb ratio 


2.4 


6.2 


TCIP reduction* 


56 


0 


NADP* reduction* 


12 


117 



■Reduction rates in (xmoi/mg Chi h; TCIP (trichlorophenoiindophenoi) used as the electron acceptor 
and TCIP+Asc (ascorbate) as the electron donor 
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Fraction II (also called DIO, D for digitonin and 10 for l^,000xg-, the centrifugation speed) apparently 
consists mainly of grana stacks and has a chlorophyll a/b ratio slightly lower than that of the untreated 
chloroplasts, where the Chi aA? ratio is ~3), while fraction I (also called D144) collected at 144,000xg 
presumably consists mostly of the stroma lamellae and some intergranal material and has a much higher 
Chi a/b ratio than either fraction II or the chloroplasts themselves. The two fractions clearly reflect a 
physical separation of chlorophyll-proteins ofthe chloroplasts as evidenced by the contrast in the activity 
ofthe partial reactions characteristic ofthe two individual photosystems. Note that fraction II appears to 
still contain some photosystem-I component, whereas fraction I originating in the stroma lamellae is virtu- 
ally free of photosystem II. In any case, the report of chloroplast fragments with different characteristics 
gave immediate support to the new concept of two photosystems and provided valuable tools for their 
studies. It is worth noting that the particles enriched in PS II had no oxygen-evolution activity, while the 
particles enriched in PS I could still reduce NADP"^ when the necessary electron donor and cofactors were 
provided. 

Soon the work on physical separation of chlorophyll proteins containing the two pigment systems was 
extended by many workers using either detergents of various kinds, such as Triton XI 00^ or sodium 
dodecyl sulfate (SDS)^'^, or mechanical means such as sonication or shear force in a French pressure cell. 
Separation of the fragments was usually achieved by differential centrifugation, sucrose-density-gradient 
centrifugation, chromatography, or electrophoresis. 

One of the initial benefits of the availability of PS -I particles was in their suitability for measuring light- 
induced spectral changes, since the subchloroplast fragments are substantially smaller than intact chloro- 
plasts, and errors due to light scattering can be avoided. Furthermore, the lower relative chlorophyll con- 
tent in the fractionated subchloroplasts also make them more favorable for measuring light-induced changes 
in pigment components such as P700, as decreased chlorophyll content generally results in a much better 
signal-to-noise ratio in such measurements. Active work was carried out by Leo Vernon and coworkers^ in 
reducing the chlorophyll-to-P700 ratio by using the nonionic detergent Triton XI 00. The initial Triton- 
fractionated PS-I particle was called “TSF-I” (meaning Triton-fractionated subchloroplast fragment of 
photosystem I) and had a total chlorophyll-to-P700 ratio of ~70, V5. -250-400 in unfractionated chloro- 
plast lamellae. At the time, little was known about the polypeptide composition of these subchloroplast 
fragments. TSF-I particles are usually highly active in NADP^ reduction when the acceptor ferredoxin and 
Fd*NADP"^»reductase are added along with the donor plastocyanin in the presence of a suppply of an 
artificial donor such as TCIP+Asc are provided to the reaction mixture. 

Vernon, Y amamoto and Ogawa^ found that triton treatment of carotenoid- less thylakoid membrane led 
to a PS-I fragment with a chlorophyll-to-P700 ratio as low as -30. This PS-I particle was called “HP700,” 
where “H” stands for high. Such carotenoid-less thylakoid membranes could be prepared from a starting 
material obtained in three different ways: extraction ofcaroteoids from membranes by an organic solvent, 
growing Anabaena variabilis in the presence of diphenylamine to suppress carotenoid synthesis, or by 
using a carotenoid-less mutant of Scenedesmus. Sugahara and Shaw in my laboratory^ obtained a similar 
HP700 particle by further treating the TSF-I particles with dilute Triton and then recentrifuging the treated 
material on a sucrose density gradient. This procedure allowed them not only to obtain a photosystem-I 
particle similarly enriched in P700 but also an additional fraction consisting ofthe cytochrome b(f com- 
plex (see Chapter 35). 

Further enrichment to a Chl/P700 ratio of 16 was achieved by Sane and Park^ by acetone treatment of 
PS-I particles obtained from the French press. A photosystem-I particle with a dramatically reduced chlo- 
rophyll content was obtained by Ikegami and Katoh^, who treated lyophilized PS-I particles first prepared 
by digitonin treatment with diethyl ether partially saturated with water to -50-80% (“wet” ether). The Chi/ 
P700 ratio in such particles was as low as 10 and all chemically oxidizable P700 present in the particle 
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remained photoactive, although almost all of the secondary electron acceptor phylloquinone had been 
removed by the ether extraction. 

1994, Ikegami, Itoh and Iwaki^° found that by using diethyl ether plus another organic solvent of high 
dielectric constant, such as acetaldehyde, particles were obtained with at least two fewer chlorophyll 
molecules, thus yielding a PS-I particle with the lowest chlorophyll content known to date. Stable charge 
separation, not observable in the particle initially, could be restored by the addition of 2-amino-anthraquinone 
as a replacement for the extracted phylloquinone. In view of the most recent model of PS-I reaction-center 
core discussed in the previous chapter, at least six, and, possibly eight, reaction-center-core chlorophylls 
must be present to account for the electron-transport pigment molecules, and thus there must be very few 
core-antenna chlorophylls still remaining in this particle. Such highly P700-enriched particles have served 
as an extremely valuable material for the study of the primary electron donor P700 itself as well as the 
various PS-I electron acceptors. Studies reported using this particle will be cited at the appropriate places 
elsewhere in this book. 

Although the aim of the earlier fractionation work was heavily focused on reducing the chlorophyll 
content in order to enable the spectral changes of P700 to be measured with a better signal-to-noise ratio, 
new interests soon shifted to the protein structure of the PS-I reaction center, in particular the chemical 
composition of the PS-I reaction-center core. As the composition of the reaction-center core became better 
known, various attempts were made to selectively remove certain electron-transport components in the 
reaction center. Simpler complexes resulting from selective removal of certain electron-transport 
component(s) have provided excellent experimental materials for the study the sequence of steps in elec- 
tron transport, including the effect of the removal of individual components and subsequent reconstitution. 
These aspects ofphotosystem-I fractionation will be taken up in the remaining part ofthis chapter. 

For the study of PS-I polypeptide composition, it is necessary to have a simple complex that is also 
intact with respect to the polypeptides. PS-I reaction-center complexes with various degrees of integrity 
have been employed for this purpose. In 1975, Bengis and Nelson*' used a Swiss-chard PS-I complex 
obtained by digitonin treatment followed by differential centrifugation. Their complex contained -100 
chlorophyll-fl molecules perP700 and two major polypeptides of apparent molecular mass of~70kDabut 
free of the cytochrome b(f complex. In addition, their complex contained five other polypeptides with 
smaller molecular masses of 25, 20, 18, 16 and 10 kDa plus a possible sixth polypeptide with a molecular 
mass of 8 kDa. The SDS-electrophoretogram of the polypeptides from this complex is shown in Fig. 2 (A), 
with Roman numerals assigned according to their migration rates. 

A stoichiometry of 2: 1:1:1 :1 was proposed by Bengis and Nelson*^ for subunits I, II, III, IV and V. The 
data also suggested that there was one P700 per two 70-kDa polypeptides (la and Ib). The authors cor- 
rectly identified subunit III (PsaF) as a component closely involved in the reduction of P700*^ mediated by 
plastocyanin. However, in the absence of this subunit, P700* may be reduced directly by phenazine 
methosulfate (PMS), however. The authors also found that subunits IV, V and VI appeared to be required 
for NADP^-reduction activity and the appearance ofthe EPR signals ofthe bound iron-sulfur proteins. 
Based on these findings, Bengis and Nelson" proposed a model for the subunit structure and the related 
electron-transport functions of the PS-I reaction center in the thylakoid membrane, as shown in Fig. 2 (B). 
The various subunits labeled by Roman numerals in the table in Fig. 2 are shown with their PsaX designa- 
tion together with their molecular masses in kDa. 
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1 


II 


III 


IV 


V 


VI 


Psa-A/B 


PsaD 


PsaF 


PsaE 


PsaL 


PsaH 


~70 


25 


20 


18 


16 


10 kDa 



Fig. 2. (A) SDS-electrophoretogram of the photosystem-l reaction center; (B) A model for the subunit structure and function ofthePS- 
I reaction center in the thylakoid membrane; (bottom) a tabulation of the detected subunits designated with Roman numerals and the 
corresponding PsaX designations and the molecular masses. Figure source; Bengis and Nelson (1977) Subun/f structure ofchlomplast 
photosystem I reaction center. J Biol Chem 252: 4566, 4568. 

I.B. Chemical Composition of an Intact Native Photosystem-I Reaction-Center Complex 

Attention was subsequently directed to the structure of PS I and characterization of the protein structure 
of photosystem I was initiated by using a so-called “native” PS-I complex in which the in vivo structural, 
functional and spectroscopic characteristics of photosystem I are retained. Such a native PS-I complex 
was first prepared by Mullet, Burke and Arntzen'^, who solubilized the thylakoid membrane with a low 
concentration of Triton XlOO in the absence of salts. The complex was free of cytochrome b(f and, judged 
by fluorescence measurements, was also free of certain chlorophyll proteins while retaining the native 
character of photosystem I. 

Although this native PS-I complex was originally reported to contain 110 chlorophyll molecules per 
P700 and to have a Chi a/b ratio of 18-25, Lam, Ortiz, Mayfield and Malkin'"* found that the Chl/P700 
ratio in the complex was closer to -200 and the Chi a/b ratio to be 5-6. The discrepancy was attributed to 
the different methods employed in estimating the P700 content. Thus Lam et al. named this “native” PS- 
I complex “PSI-200.” Of course, PSI-200 with this rather substantial chlorophyll content contains not 
only the reaction-center complex but also the light-harvesting chlorophyll-protein complex (LHC I), com- 
posed of three to four polypeptides and the associated chlorophylls a and b. The protein composition may 
be seen from the electrophoretogram of the PSI-200 complex prepared from spinach chloroplasts, as 
shown in Fig. 3 (A). Here two unresolved protein subunits of -60 kDa are near the starting point. The 
three subunits at 23, 22 and 20 kDa belong to the LHC I, while several other subunits, with molecular 
masses of 19, 16, 14, 10 and 8 kDa, are also seen. 

Lam, Ortiz and Malkin'^ further fractionated PSI-200 into the reaction-center core complex containing 
-100 chlorophyll molecules per P700, calling it “PSI-100,” and the light-harvesting chlorophyll-protein 
complex LHC I, as shown in Fig. 3 (B). Note that apart from the LHC I, PSI-100 retains the reaction- 
center polypeptide subunits, P700 and the three iron-sulfur proteins, i.e., 
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f PS-I core complex = PSI-100 = 

I {[P700*Ao*A,'FeS-X*FeS-A/Bl*100 Chls*7 polypeptides} 

Native PS-I 
complex (PSI-200) 

N f PS-1 light-harvesting complex = LHC I = 

V {[~100 Chls (Chi a/b~ 3.5)]'3-4 polypeptides} 

When PSI-100 is treated with sodium dodecyl sulfate (SDS) followed by sucrose-density-gradient cen- 
trifugation or separation on SDS-PAGE, a chlorophyll-protein fraction containing only the PsaA and 
PsaB subunits, with 100 chlorophyll molecules per P700, is obtained: 

PSI-100 = {[P700*Ao*A|*FeS-X*FcS-A/B]*100 Chls*7 polypeptides} 

iSDS 

CPI = {[P700»Ao*A|]*100 Chls*2 polypeptides} 

This treatment also removes all three iron-sulfur proteins, FeS-X and FeS-A/B. Although this resulting 
complex has been referred to as “CPI,” here it will also be called the “P700-chlorophyll a protein” and 
may be considered as the simplest yet photochemically active protein complex of photosystem I. 

Subsequent characterization of the various subunits in PSI-100 led Richard Malkin and coworkers to 
propose the model shown in Fig. 1 (B) ofChapter 25 and in greater detail in Fig. 1 ofthis chapter. The 
properties ofthe two major subunits PsaA and PSaB have already been discussed in the previous chapter. 
The other lower molecular-weight subunits, including those polypeptides belonging to FHC I, will be 
discussed at the appropriate places later in this book. 





Fig. 3. (A) Electrophoretogram ofthe PSI-200 preparation from spinach. Molecular masses ofthe polypeptide components in kDa. (B) 
Characterization of PSI-200, PSI-100 and LHC I. “PP" denotes golygeptkJe. Figure source: Malkin (1 987) Photosystem I. In: J Barber 
(ed) The Light Reactions, pp 506-507. Elsevier. 
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We now come to the subject of simplified reaction-center complexes, which have been found to be 
particularly valuable for the study of various components along the electron-transport chain in photosys- 
tem I. The basic strategy used for obtaining simplified PS-I reaction-center complexes was to selectively 
remove the components one-by-one cumulatively along the electron-carrier sequence, starting from the 
terminal end of the chain. 

Up to now, a very large number of subchloroplast preparations have been prepared by many investiga- 
tors. Different names have been used, sometimes without regard to the precise composition. In particular, 
the name “reaction center” has been rather loosely used for particles actually containing far more compo- 
nents than the (bacterial) reaction center, for which the name was originally intended. To ease this confu- 
sion, Golbeck^^ proposed a nomenclature based on the number of polypeptides and electron acceptors. 
The rationale adopted is to use the term “complex” for an assembly ofpolypeptides that contains the entire 
electron-acceptor chain and the peripheral docking polypeptides. The term “protein” is to be used for 
preparations containing only P700 and the early electron acceptors but still capable of stable charge 
separation between P700 and the acceptor. 

Golbeck*^ designated the system {[P700»Ao»Ai*FeS-X»FeS-A/B]*200Chls» 10-1 1 polypeptides} that is 
essentially “PSI-200” ofMalkin and coworkers^^ as the “native PS-I complex.” It consists of the reaction- 
center core (CC I, or PSI-100) and the light-harvesting complex (LHC I). The CCI portion contains P700, 
Ao, A|, FeS-X, FeS-A/B and about seven polypeptide subunits, including PsaA and PsaB. The 200 chlo- 
rophyll molecules include both the core-antenna chlorophylls bound to PsaA and PsaB and those bound to 
the LHC I. Thus PSI-200 may be considered to be the simplest yet physiologically intact, or “native,” PS- 
I reaction-center complex. 

Following is a list of the various preparations, in the order of decreasing complexity, together with their 
conventional names and in some instances the newly proposed names (separated by//) : 



{[P700*Ao*A|*FeS-X*FeS-A/B]*200Chls*10-l 1 polypeptides} 
{[P700*Ao*A|*FeS-X*FeS-A/B]*100 Chls*7 polypeptides} 
{[P700*Ao*A|*FeS-X*FeS-A/B]*8-40 Chls*7 polypeptides} 
{[P700»Ao*A|*FeS-X]*core Chls*2 polypeptides} 
{[P700*Ao*A|]*core Chls*2 polypeptides} 



PSI-200 // native PSl complex 
PSI-100 // PSl core complex (CC I) 
Enriched PSl core complex 
PSl core protein 
CPI // P700-Chl a protein 



A schematic representation of the PS-I thylakoid membrane containing the detergent-fractionated, PS-I 
native complex (or PSI-200) and the various simpler PS-I complexes derived therefrom are shown in Fig. 
4. The native complex PSI-200 is shown at left. Note that PSI-200 is already free of the soluble proteins 
ferredoxin and plastocyanin. The right side of Fig. 4 shows that upon removal of the LHC I complex from 
the native PS-I complex (PSI-200), or upon isolation directly from the thylakoid membrane by Triton 
treatment, one obtains {[P700»Ao*A|*FeS-X»FeS-A/B]*100Chls*7 polypeptides}, which is designated as 
the “photosystem-I core complex” (CC I) or PSI-100. CC I still contains all the electron-transport compo- 
nents, the polypeptide subunits, and about 100 core-antenna chlorophyll molecules. The particles usually 
fractionated by treatment with digitonin (D144)' or Triton (HP700)^’ or particles prepared by ether 
extraction*, essentially belong to this category but in a more enriched form, as in some cases the P700 
content can be as high as one in 10-30 Chi a molecules. 

When the terminal acceptor FeS-A/B (the PsaC protein) and other small polypeptides are removed from 
CC I, one obtains the so-called “photosystem-I core protein,” {[P700«Ao*A,«FeS-X]»core Chls»2 polypep- 
tides}. This PS-I core protein may be prepared from CC I by a brief incubation in lithium dodecyl sulfate 
(LDS) followed byultrafiltration^^,or by treating cyanobacterial CC I with a chaotropic agent followed 
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by sucrose-density-gradient centrifugation^^. The PS-I core protein still contains the two major polypep- 
tide subunits, PsaA and PsaB, but has lost the lower-molecular mass polypeptide subunits, in addition to 
the PsaC protein that binds the iron-sulfur centers FeS-A/B. The PS-I core protein is particularly valuable 
for studying the properties of FeS-X without FeS-A/B present (see chapter 31). Variations of PS-I core 
protein may be prepared, for instance, by removing A] from it to produce the complex {P700— >Aq-> [ ] 
— > FeS-X}, which may be used for studying the role ofthe intermediary phylloquinone acceptor in photo- 
system I [see chapter 33]. 

If FeS-X, which is coordinated to PsaA and PsaB, is removed from the PS-I core protein, the resulting 
complex {[P700*Ao»Ai]*core Chls*2 polypeptides} is called the “P700-Chl o-protein” or CPI. This pro- 




PS-I Chi a protein [CPI] 




Fig. 4. Schematic representation of various photosystem-l reaction-center complexes and proteins obtained by selective removal of 
electron carriers. See text for details. 
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tein can be prepared directly from the thylakoid membrane by treating it with SDS, followed by gel 
electrophoresis or sucrose-density-gradient ultracentrifugation. The P700-Chl a-protein contains not only 
P700, Aq and A] but also the core-antenna chlorophylls at a Chi o/P700 ratio of 40-100. In the P700-Chl 
a-protein as prepared, electron transfer from P700 can go to A] but usually results in a triplet state (see 
Chapters 32, 33). One may also physically remove Aj from the P700-Chl a-protein by extraction, leaving 
the simplest possible PS-I reaction-center core that still retains the capability of photochemical charge 
separation [see Chapter 32]. Thus the P700-Chl a-protein is valuable for studying the primary photo- 
chemical reaction between P700 and Aq» without the interference of A, or the three iron-sulfur clusters. 

III. Crystals of the Photosystem-I Reaction-Center Complex 

As seen earlier in Chapter 2 on bacterial reaction centers, crystallization of the reaction-center protein of 
the photosynthetic bacterium Rhodopseudomonas viridis by Michel'^ in 1982 and subsequent determina- 
tion ofthe three-dimensional stmcture ofthe reaction center by Deisenhofer, Epp, Miki, Huber and Michel^’ 
in 1984 led to tremendous advances in the understanding ofthe structure-function relationship in bacterial 
photosynthesis. Furthermore, because of certain similarities between the photochemical behavior of the 
components of some photosynthetic bacteria and that of photosystem II, research in photosystem-II was 
greatly stimulated to its benefit by these advances. In this way, it became obvious that the ability to prepare 
crystals from the reaction-center complexes of photosystems I and II would be of great importance. How- 
ever, it was also recognized that, compared with the bacterial reaction center, the PS-I reaction center is 
more complex, consisting of many more protein subunits and electron carriers, not to mention the greater 
number of core-antenna chlorophyll molecules. 

Nevertheless, in spite ofthe size and complexity ofthe PS-I reaction-center complex, the preparation of 
crystals with purified PS-I reaction-center complexes from various cyanobacteria was soon achieved in 
two laboratories in 1987'*'^°. Crystals were also prepared later by Almog, Shoham, Michael! and Nechushtai 
from PS-I proteins of Mastigocladus laminosus and by Tsiotis, Nitschke, Haase and Michel from a 
phycobilisome-less mutant ofthe cyanobacterium Synechococcus PCC 7002. However, prior to the re- 
ports of successfully grown crystals, some useful structure data were obtained by examination of PS-I 
complexes by electron microscopy. Boekema, Dekker, van Heel, Rogner, Saenger, (I) Witt and Witt^^ 
reported that the images of a 600-kDa, PS-I reaction-center complex, isolated and purified from the 
cyanobacterium Synechococcus elongatus, have the appearance of disks 17 nm in diameter and 6 nm thick 
and that computer analysis of these images indicate that the disks are trimers ofthe PS-I reaction-center 
complex [see sketch based on electron- microscopic images in Fig. 6 (A) below]. The trimer organization 
was subsequently also confirmed by Ford and Holzenburg^"^ for the PS-I reaction-center complex from the 
thermophilic cyanobacterium Phormidium laminosum. 

Ford, Picot and Garavito** reported the growth of microcrystals of different forms using a PS-I reaction- 
center complex of molecular weight of 440 kDa, isolated from the thermophilic cyanobaterium Phormidium 
laminosum. A saturated protein solution containing a very small amount of detergent to give a useful 
initial protein concentration (>0.1 mg Chl/mL) yielded microcrystals in a few hours when cooled from 
room temperature to 4 °C. Rectangular crystals 100 pm long could also be grown in a matter of days. 

Crystallization ofthe purified trimer complex from Synechococcus elongatus (formerly called Synecho- 
coccus sp.) was reported by (I) Witt, Witt, Gerken, Saenger, Dekker and Rogner'^, who initially used 
polyethylene glycol (PEG-6000) as the precipitant in a PS-I membrane-protein solution with a chlorophyll 
concentration in the range of 25-150 pM. Note that the protein concentration used by these workers was 
much lower than that usually required for protein crystallization. Nevertheless, after 20 hours of growth at 
4 °C, small prismatic crystals about 20-40 pm long and 3-6 pm thick were obtained. Sometimes, crystals 
up to 300 pm long were observed. 
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Soon thereafter, (I) Witt, Witt, DiFiore, Rogner, Hinrichs, Saenger, Granzin, Betzel and Dauter^° re- 
ported that by increasing the PS-I membrane protein concentration to one corresponding to 500 )aM chlo- 
rophyll, larger crystals could be obtained using PEG-6000 as the precipitant. Large (~50 p,m diameter), 
green hexagonal plates could be grown in less than four days at 4 °C. Dark-green, needle-shaped crystals 
with a hexagonal cross-section could be grown at 8 °C in a buffer solution containing the PS-I membrane 
protein at a 5 mM chlorophyll concentration, as shown in Fig. 5. Under this condition, small (~ 40 pm) 
crystals appeared in minutes; crystals 1 mm long and 50 pm in diameter appeared in 1 -2 days. 




Fig. 5. Dark-green, needle-shaped crystals of PS-I reaction-center- 
complex grown in low-salt and 1-5 mM polyethylene glycol. Crystals 
appeared in two days. Hexagonal cross sections of the crystals are 
visible. The bar represents 100 pm. Figure source: (I) Witt. Witt, 

Di Fiore, ROgner, Hinrichs, Saenger, Granzin, Betzel and Dauter 
(1988) X-ray characterization of single crystals of the reaction can 
ter! of water splitting photosynthesis. BerBunsenges PhysChem. 
92: 1504, Photo kindly provided by Prof. H.T. Witt. 



In 1992, Witt, KrauB, Hinrichs, (I) Witt, Fromme and Saenger^^ reported a successful crystallization 
procedure in which the concentration of MgS 04 is simply decreased in the membrane-protein solution [30 
mg/ml protein, 100 mM MgS 04 , 0.02% (w/w) P-dodecylmaltoside in 5 mM MBS buffer at pH 6.5] 
through programmed dialysis, without using any special precipitant or crystallization mediator. This pro- 
cedure is essentially a reverse “salt in,” with water acting as the precipitant. Crystallization commences 
when the ionic strength has decreased to a critical value (corresponding to ~6 mM MgS 04 ). By this 
method, the authors reported that hexagonal prisms (see Fig. 5) 1 -2 mm long could be obtained. Structural 
information obtained from X-ray crystallographic measurements on such crystals was presented in Chap- 
ter 25. 

The initial crystallographic results obtained from the electron-density map at 6 A resolution revealed 
that the protein building blocks are the disk-shaped trimers of PS-I reaction-center proteins and that they 
are arranged so as to produce hexagonal crystals. The trimer with a molecular mass of 600-kDa molecular 
mass consists ofthree PS-I reaction-center monomers. A simple sketch ofthe photosystem-I trimer based 
on the electron-microscopic images is shown in Fig. 6 (A). Electron-microscopic measurement showed the 
trimer to be 19 nm in diameter and 6 nm high. Fig. 6 (B) shows a unit cell of the hexagonal crystal lattice 
with a=6=285 A, c=167 A, a=p=90° andy=120°, where the c-axis (perpendicular to the o,6-plane) coin- 
cides with the crystal prism axis. The area of the a, 6-plane of the unit cell is enough to accommodate two 
trimers. Since the trimer is ~6 nm high, the 16-nm height ofthe unit cell is enough to accommodate a pair 
of trimers stacked one above the other. This arrangement has also been confirmed from the electron- 
microscopic side view ofthe stacked trimers. In addition, four trimers with an apparent mass of -600 kDa 
each per unit cell with a volume of 1 1750 nm^ would correspond to a specific volume of4.9 A^/Da, which 
compares reasonably with the value ofthe corresponding volume of 5.8 A^/Da for the reaction center of 
Rp. viridis^^. 
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A unit cell is illustrated in greater detail in Fig. 6 (C), where the stroma portion of a selected reaction- 
center protein is shown in hlack, its embedded membrane portion in gray and its lumen portion dotted. Two 
views of this shaded monomer are shown in Figs. 6 (Ca) and (Cb). Each monomer shown in Fig. 6 (C) is 
viewed along the Z?-axis of the unit cell in Fig. 6 (Ca) while the view perpendicular to b, c-plane is shown in 
Fig. 6 (Cb). The three (4Fe-4S) clusters most likely account for the 35 A-high hump in the stroma region 
[black regions in Figs. 6 (Ca) and (Cb)]. The 40 A-thick membrane layer interfaces with the PS-I mem- 
brane. It is of interest to note that there is a clear 10- A depression on the lumen side [see Fig. 6 (Cb)], 
which is most likely the docking site for plastocyanin. A discussion of the three-dimensional structure of 
the various polypeptide subunits and the electron-transport cofactors in the PS-I reaction center may be 
found in Chapter 25. 



(A) 



19 nm 






90 A 

Z (Cb) 



100A 



Fig. 6. (A) Schematic representation of a PS-I reaction-center trimer; (B) View toward the a,b-plane showing the placement of two PS- 
I reaction-center trimer complexes; (C) packing of the PS-I reaction-center trimers in the crystal unit cell in greater detail; (Ca) one PS- 
I reaction-center monomer [the shaded monomer in (C)j viewed along the crystallographic b-axis and (Cb) toward the b, c-plane. See text 
for other details. Figure source: (A) Witt (1 988) Some recent functional and structural contributions to the molecular mechanism of 
photosynthesis. In: Kleinkauf, von DiJhren and Jaenicke (eds) The Roots of Modem Biochemistry, p. 718. WdeGruyter. (B) (I) Witt, 
Witt, Di Fiore, Rdgner, Hinrichs, Saenger, Granzin, Betzel and Dauter (1 988) X-ray characterization of single crystals of the reaction 
center I of water splitting photosynthesis. Ber Bunsenges Phys Chem. 92; 1505; (C) KrauB, Hinrichs, (I) Witt, Fromme, Pritzkow, 
Dauter, Betzel, Wilson, Witt and Saenger { 1 993) Three-dimensional structure of system I of photosynthesis at 6 A resolution. Nature 
361 : 327, More current views of the unit-cell (B) structure containing PS-1 trimers as well as that of the monomer along the membrane 
plane (Ca and Cb) can be found in reference 27. 
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The function of light -harvesting complexes is to absorb light energy and transfer it to the reaction 
centers to perform photochemistry so that the absorbed energy may be stored in chemical form for later 
use. The light-harvesting complex of photosystem II was first investigated over thirty years ago, when 
Ogawa, Obata and Shibata^ and Thornber, Gregory, Smith and Bailey^ independently identified it among 
the chlorophyll proteins fractionated from plant chloroplasts. The existence of light-harvesting complexes 
in photosystem I was postulated a little more than twenty years later by Anderson, W aldron and Thorne^ 
and by Thornber, Markwell and Reinman"^ and work that led to the definitive identification of photosys- 
tem-I light-harvesting protein complexes was reported soon after. 

I. Isolation and Spectroscopic Characterization of Photosystem-I Light-Harvesting 
Chlorophyll-Protein Complexes 

I.A. Early Work on Isolation and Spectroscopic Characterization 

In 1980, Mullet, Burke and Arntzen^ attempted to prepare the so-called “native” PS-I complex from pea 
thylakoids (see Chapter 26). The fraction representing photosystem I obtained by sucrose density-gradient 
centrifugation was found to contain both chlorophylls a and b and have a chlorophyll-to-P700 ratio of 
1 10± 10 and a Chi alb ratio ^ 1 8. Based on the pigment- to-P700 ratio, the authors named their preparation 
“PSI-110.” Further fractionation of PSI-110 resulted in a subfraction called “PSI-65” that contained 
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chlorophyll a only. A comparison between PSl-110 and PSl-65 suggested the existence of chlorophyll- 
binding polypeptides with molecular masses in the 22-24 kDa range. In their initial work, Mullet et al.^ 
obtained four polypeptides, with two of molecular mass 22-kDa, one of 24 kDa and one of 24.5 kDa. 
These chlorophyll-binding polypeptides were not present in the PST65 subfraction. The authors suggested 
that PST65 was the reaction-center core complex of photosystem 1 and the four subfractions were the 
peripheral light-harvesting chlorophyll proteins intimately associated with the reaction-center core in the 
native PS-1 complex. The identification of these proteins as light-harvesting complexes was subsequently 
confirmed by Haworth, Watson and Arntzen® and by Kuang, Argyroudi-Akoyunoglou, Nakatani, Watson 
and Arntzen^. 




Native PS-1 complex 
(PSI-200) 



PS-1 Light-harvesting complex 
(LHC I) 



VJ 

23 

L_ 



22 
_l 
LHC la 



20 kDa 
LHC lb 





Fig. 1. (A) Fractionation of the “native" PS-I complex, PSI-200, into the core complex, CC I (PSI-100) and the peripheral light-harvesting 
complex, LHC I. (B) shows more detailed composition of PSI-200 and its subtractions. Data in (B) taken from Malkin (1 987) Photo- 
system I. In: J Barber (ed) The Light Reactions. Elsevier, p 507. 
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Here we will present a brief account of the earlier work on fractionation and identification of the light- 
harvesting chlorophyll-protein conrplexes from spinach, barley and Chlamydomonas to illustrate the char- 
acteristics of these complexes. As already described in the previous chapter, Lam, Ortiz, Mayfield and 
Malkin^ obtained from spinach thylakoids a “native” PS-I complex with a Chl/P700 ratio of -200 and a 
Chi alb ratio of 5-6, naming it “PSI-200.” The Chl/PVOO ratio of -200 in this native PS-I complex is in 
good agreement with that found in the stroma lamellae^, where PS I is known to be exclusively located. 
Lam, Ortiz and Malkin*** treated PSI-200 further with Triton and obtained two subfractions, one with a 
Chl/PVOO ratio of -100, the so-called PS-I reaction-center core complex (CC I) described in Chapter 26, 
and the other containing Chi a/6-binding polypeptides of molecular masses in the 20-24 kDa range. The 
latter subfraction was judged to be the peripheral light-harvesting, or antenna, c^omplex, called “LHC I.” 
Fractionation of the native PS-I complex into a RC core complex and a light-harvesting complex is 
illustrated in Fig. 1 (A), with the details of the composition of each fraction given in Fig. 1 (B). When LHC 
I was further fractionated by treating with Triton, two subfractions of chlorophyll-containing polypeptide 
complexes could be separated on a sucrose-density gradient: a lighter fraction designated as “LHC la” 
consisting of two polypeptides of molecular masses 23 and 22 kDa, and a heavier fraction containing a 20- 
kDa polypeptide called “LHC Ib.” Both LHC la and LHC Ib have a Chi alb ratio of 3.5±0.5. 




Fig. 2. Absorption (A), fluorescence (B) [both at 77 K] and circular-dichroism (C) spectra of the PS-I light-harvesting complexes, LHC 
la and LHC lb. Figure source; Lam, Ortiz and Malkin (1984) Chlorophyll alb proteins of photosystern I. FEBS Lett 1 68: 1 2, 1 3. 
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The two Chi a/&-protein complexes, LHC la and LHC Ib, isolated from LHC I showed only slightly 
different absorption spectra, but their fluorescence spectra were substantially different at ambient tem- 
perature, even more so at 77 K. The absorption spectra of LHC la and LHC Ib are shown in Fig. 2 (A), 
with that of LHC I included as a reference. A sharp absorption band is seen for LHC la in the red at 670 
nm, while that for LHC Ib is slightly further to the red at 676 nm. A prominent band appears at 467 nm in 
LHC Ib whereas LHC la only shows a shoulder around 465 nm. The difference in the ratios of these two 
blue bands suggests a slightly different Chl-& content in the two complexes. The absorption spectrum of 
LHC I, as expected, lies midway between those of the two subcomplexes. 

The fluorescence spectrum of LHC la at 77 K showed a major emission band near 680 nm plus a weaker 
emission band near 730 nm. In contrast, the emission of the LHC Ib complex appeared centered almost 
entirely at 730 nm, as shown in Fig. 2 (B). As with the absorption spectrum, the fluorescence spectrum of 
LHC I is intermediate between those of the two subcomplexes. The circular-dichroism (CD) spectrum of 
LHC I (not shown) is drastically different from that of CC I, showing prominent optical activity at 648 and 
485 nm, reflecting the presence of a significant amount of Chi b in the complex. As seen in Fig. 2 (C), the 
CD spectra ofLHC la and LHC Ib are similar to each other but differ in intensity, which probably reflects 
differences in pigment-pigment or pigment-protein interactions in them. The strong 340-nm band observed 
in LHC I fractions is absent in CC I which lacks Chi b. 

Subsequently, Bassi and Simpson" isolated a similar native PS-I complex from barley thylakoids and 
found its pigment composition to be very comparable to PS 1-200 isolated from spinach thylakoids. Two 
subcomplexes similar to CC I and LHC I were also fractionated. Approximately half of the chlorophylls in 
the original native PS-I complex, including all of the chlorophyll b, was present in the two light-harvesting 
complexes, and the remaining chlorophyll a was associated with the PS-I reaction-center core complex. 
These two light-harvesting complexes, which the authors designated “LHC 1-683” and “LHC 1-730” 
according to their fluorescence wavelengths at 77 K, are apparently comparable to the two light-harvest- 
ing complexes, LHC la and LHC Ib, respectively, obtained from spinach. Altogether five polypeptide 
bands could be resolved from LHC I: a 20- and a 23-kDa polypeptide from LHC 1-680 and a 21 -, a 22.5- 
and a 25-kDa polypeptide from LHC 1-730. The absorption and fluorescence spectra at 77 K and the 
room-temperature CD spectra for the barley LHC-I subcomplexes are shown in Fig. 3. 

As seen in Fig. 3 (A), the 77-K absorption spectra ofLHC 1 -680 and LHC 1-730 differ noticeably from 
each other. LHC 1-730 has ared absorption band at 677 nm and a distinct shoulder at 7 10 nm. LHC 1-680 
shows a major red band at 674 nm and lacks the long- wavelength shoulder, but shows a relatively higher 
Chi b absorption at 645 nm. Some of the differences in the blue region may reflect differences in the 
carotenoid composition in the two complexes. As with the spinach LHC-I fractions, the low-temperature 
fluorescence spectra ofLHC 1-680 and LHC 1-730 are dramatically different, with the former emitting 
predominantly at 675 nm and the latter at 730 nm [see Fig. 3 (B)]. 

The CD spectra ofthe two PS-I light-harvesting complexes are also different [see Fig. 3 (C)]. The major 
negative bands ofLHC 1-680 are located at 693, 656, 502 and 473 nm, whereas those ofLHC 1-730 are at 
691, 655, 492 and 467 nm. LHC 1-730 has positive bands at 678 and 516 nm, which are small or negli- 
gible in LHC 1-680. The overall optical activity of LHC 1-680 is stronger compared with the correspond- 
ing complex that was fractionated from spinach thylakoid using SDS rather than the milder detergent 
dodecyl maltoside used here. These differences suggest a susceptibility of the chlorophyll protein in LHC 
1-680 to perturbation and denaturation by detergents. 




Chapter 27 Light-Harvesting Chlorophyll-Protein Complexes of Photosystem I 



449 






Fig. 3. Absorption (A), fluorescence (B) [both measured at 77 K], and circular-dichroism (C) spectra of the PS-1 light-harvesting com- 
plexes, LHC 1-680 and LHC 1-730, of barley. Figure source: Bassi and Simpson (1987) Chlorophyll-protein complexes of barley photo- 
system I. Eur J Biochem 163: 223, 225. 

It is worth noting that the exact number of LHC-I subunits varied between three and five in the results 
obtained from different laboratories. This variation may have been due to the sensitivity of light-harvesting 
chlorophyll proteins toward the detergents used in fractionation, some possible variation in the extent of 
release of the subcomplexes, inadequate resolution on the sucrose-density gradient for polypeptides that 
are concentrated in a narrow range of molecular masses, possibly the long time required for the fraction- 
ation procedure, or perhaps a combination of these factors. It may also be noted that the same nomencla- 
ture was not used by all workers, which may have compounded the uncertainty and confusion, at least 
during the initial phase of investigation. 

The results^'^’ ^ presented above indicate that LHC I can be fractionated into at least two distinct 
pigment proteins, namely, LHC la, or LHC 1-680 and LHC Ib, or LHC 1-730. Knoetzel, Svendsen and 
Simpson reported the isolation of three LHC I subcomplexes, consisting of a total of four proteins, from 
barley. The complexes and their constituent proteins include LHC 1-730, the 21 and 22 kDa polypeptides, 
LHC I-680A which is a 25 kDa polypeptide, and a 23 kDa LHC I-680B. Thomber and colleagues’^ 
reported that, in addition to two LHC-I subcomplexes in the 22-24 kDa range, two smaller light-harvesting 
chlorophyll proteins of 17 and 11 kDa were also present in the PS-I complex but not in CC I. Thus, 
Anandan and Thornber concluded that the PS-I light-harvesting complex consists of four subunits of 
~24, 21,17 and 11 kDa. However, the 17-kDa subunit could be PsaF that was extracted together with 
LHC I and found to contain chlorophyll and thus considered to be an antenna complex. 
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I.B. Gene Coding of Photosystem-I Light-Harvesting Compiexes 

Toward the end of the 1980s, four types of genes for the LHC -I proteins were cloned for tomato by 
Hoffman, Pichersky, Malik, Castresana, Ko, Darr and Cashmore'"^ and for petunia by Stayton, Brosio and 
Dunsmuir'^. The same four types of genes were also identified by Jansson and Gustafsson'® for the 
LHC Is in Scots pine. Work by Ikeuchi, Hirano and Inoueiv on direct sequencing of the LHC-I apoproteins 
from both pea and spinach helped to establish the correspondence between the LHC Is and the four types 
of genes. Also, Knoetzel et could assign the four subcomplexes of LHC 1-730 and LHC I-680A,B to 
the four types of genes [see below]. As agreed upon by workers in this field^^, the four genes for LHC I are 
designated as Lhcal to Lhca4 [note the nomenclature for the genes is in italic form; we will use either 
“LHC I” or the alternative “Lhcal” (note the non-italic form) interchangeably for the proteins themselves. 
In Table I, we summarize the four nuclear genes for the PS-I light-harvesting complexes and their corre- 
sponding PS-I, light-harvesting subcomplexes obtained from the thylakoids of spinach and barley as dis- 
cussed above. 



Table I. Summary of photosystem-l peripheral light-harvesting proteins fractionated from spinach and 
barley as designated in different nomenclatures, and names of their assigned genes and gene products 



LHC 1 
complexes 
and 

subcomplexes 


LHC la 


LHC lb 


Lam 

etaL'o 


23 kDa 


22 kDa 


20 kDa 


- 


LHC I-680 


LHC I-730 


Bassi 

etal." 


23, 20 kDa 


25, 22.5, 21 kDa 


LHC I-680A 


LHC I-680B 


LHC I-730 


Knoetzel 

etal.'^ 


25 kDa 


23 kDa 


22 kDa 


21 kDa 


Proteins 


Lhca3 


Lhca2 


Lhcal 


Lhca4 




Genes 


LhcaS 


Lhca2 


Lhcal 


Lhca4 





I. C. A High-Resoiution Fractionation of Photosystem-I Light-Harvesting Complexes 

From the above discussion, it is clear that possible reasons for the variation in the number of light- 
harvesting chlorophyll-protein complexes reported by different laboratories might be the long times re- 
quired for fractionation, resolution of columns, etc. In this regard, it may be useful to look at the recent 
study by Tjus, Roobol-Boza, Palsson and Andersson'^ on the fractionation of photosystem-I complexes 
using a novel chromatographic method called “anion exchange perfusion chromatography.” The unique 
feature of this method is that the chromatographic matrix is a high-porosity bead that allows the mobile 
phase to pass through the matrix rapidly with minimal band broadening. The matrix consists oftwo types 
of pores: the so-called “through pores,” which are 600-800 nm in diameter and offer little resistance to 
mass flow, and the “diffusive pores,” which are 80-150 nm in diameter and provide high loading capa- 
city^**. Anion exchange perfusion chromatography has been reported to have a four times higher loading 
capacity and ten times faster elution rate than conventional chromatographic methods^*. 

The authors prepared a native PS-I complex from spinach thylakoid and solubilized it with dodecyl 
maltoside and zwittergent before loading it onto the perfusion chromatographic column. The polypeptide 
components were then collected by eluting with a O-to-400 mM NaCl gradient. The change in the NaCl 
gradient and the elution bands vi'. time are shown in Fig. 4 (A). Within ~20 minutes from loading, all LHC- 
I subfractions were eluted. Finally the reaction-center core (CC I) was eluted in ~30 min. Thus complete 





Chapter 27 Light-Harvesting Chlorophyll-Protein Complexes of Photosystem I 



451 



separation of all the polypeptide components was finished in a little over half an hour, far more rapid than 
the usual procedure requiring repeated, overnight, sucrose-density-gradient ultracentrifugations. 

Fig. 4 (B) shows further SDS-PAGE separation of the individual light-harvesting subcomplexes in the 
various fractions obtained by perfusion chromatography [fractions designated by the same Roman numer- 
als as in Fig. 4 (A)]. The LHC-I complexes were eluted in fractions II, HI and IV which contained Lhca(3-t-2) 
[LHC 1-680], Lhca(2+1) and Lhca 1 and Lhca4 [LHC 1-730], respectively. The individual light-harvesting 
complexes in the various eluted bands are also identified by legends on the right. The reaction-center core 
(CC I) eluted in fraction V contained all the known intrinsic polypeptide subunits of the PS-I reaction 
center, but none of the light-harvesting complexes. Band VI shows the SDS-PAGE for the native PS-I 
complex, which clearly shows bands of all the intrinsic polypeptides of the reaction-center core and the 
peripheral light-harvesting complexes as well. 
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PsaA 

PsaB 



24 Lhca3 
23 Lhca2 
21.5 Lhcal 
21 Lhca4 
20 PsaD 
17 PsaF 
16 PsaL 
15 PsaG 
10 PsaH 
9 PsaE 
7 PsaC 
5 ? 



Fig. 4. (A) Elution profile of the fractions collected from the dodecyl maltoside-treated native PS-I complex passing through the anion- 
exchange perfusion chromatographic column, monitored at 280 nm and at a NaCI gradient from 0 to 400 mM over a period of - 0.5 hr, 
band VI represents the unsolubilized PS-I complex. (B) SDS-PAGE of the eluted fractions (bands). Figure source: Tjus, Roobol-B6za, 
PSisson and Andersson (1995) Rapid isolation of photosystem I chlomphyll-binding proteins by anion exchange perfusion chromatog- 
raphy. Photosynthesis Res 45: 44. 

It was further shown that perfusion chromatography apparently yields complexes of both high purity 
and stmctural and functional integrity. Lor instance, the core complex (fraction V) was reported to have an 
activity of 1535 pmoles Oj»mgCh almost 70% higher than the native PS-I complex, when assayed 
by methyl viologen reduction using the (DCIP-t- Ascorbate) couple as the electron donor. The integrity of 
the reaction-center core complex was further corroborated by the notably low fluorescence quantum yield 
of 0.4% for the fractionated CCI fraction. 



II. PS-I Core-Antenna Chlorophyll Molecules - the Three-Dimensional Structure 

Photosystems-I thylakoids of higher plants and cyanobacteria are quite different from the bacterial 
system in that, for instance, besides having peripheral chlorophyll-protein complexes as antenna, there are 
also chlorophyll molecules functioning as the so-called “core antenna” complex in the reaction-center 
itself. A PS-I core complex containing core antenna chlorophyll molecules was actually obtained as early 
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as 1966 by Vernon, Shaw and Ke^^, and later by Shiozawa, Alberte and Thornber^^ in 1974 and by Bengis 
andNelson^"^ in 1977. These relatively intact PS-I RC complexes contained -100 Chl-a molecules per 
P700. Upon subsequent treatment by detergent such as Triton X- 100 followed by purification by DEAE- 
cellulose chromatography, the Chi a-to-P700 ratio usually decreased to ~40. Earlier on, Bengis andNelson^^ 
deemed these chlorophyll-a molecules to be an “intrinsic” part of the light-harvesting antenna of photosys- 
tem I. Glazer and Melis^^ later suggested that the core antenna may be bound to one of the two major 
subunit polypeptides in the reaction center. 

The presence ofthe PS-I core antenna inside the reaction center became obvious when the native PS-I 
complex (PSI-200) was further fractionated into the PS-I core (PSI-100 or CC I) and the light-harvesting 
(LHC I) complex, as the PS-I core complex (PSI-100) still contained -100 Chi a molecules per P700^'^. 
The presence of core antenna in the PS-I reaction center has been further documented by other workers. 
Among these reports is the recent work ofTsiotis, Nitschke, Haase and Michel^^ who purified a CC I 
complex from a phycobilisome-less mutant ofthe cyanobacterium Synechococcus PCC 7002 and reported 
that the isolated reaction-center core still contained 77±2 Chl-a molecules per P700. In another interesting 
case, Romer, Senger and Bishop^^ reported that while the PS-I complex ofwild-type Scenedesmus obliquus 
contains afull complement of peripheral light-harvesting complexes andthatofits C-6E carotenoid-less 
mutant contains none, the “CP I” complexes ofboth the wild-type and mutant cells each contain ~60 core- 
antenna Chl-a molecules per P700. 

While extensive research has been carried out during the past three decades on the PS-I reaction-center 
core complex with respect to its pigment and electron-transport cofactors and its polypeptide subunits, the 
core-antenna chlorophyll molecules have received much less attention, if only because it is generally 
thought that these chlorophyll-a molecules are most likely coordinated to the large number of histidine 
residues ofthe PsaA and PsaB polypeptides in the PS-I reaction center. The PS-I core antenna received an 
unexpected boost of attention since 1992 from the work of Witt and Saenger and their colleagues^^’^° on 
the three-dimensional organization of these core-antenna chlorophyll-a molecules in the PS-I reaction- 
center complex using X-ray crystallography. 

The PS-I core complex (CC I) used by these workers for crystallization and X-ray crystallographic 
analysis was purified from Synechococcus elongatus^^ and found to exist in the trimeric form. Each PS- 
I monomer unit consisted ofthe major PsaA and PsaB polypeptides, plus several other smaller subunits, 
and included a full complement of electron-transfer cofactors, P700, (A), Aq, A|,PeS-X and EeS-A/B. It 
was also known to contain -90 Chl-a molecules per P700. The amount of core-antenna chlorophyll-a in 
this preparation was comparable to that found in the core complexes of spinach and other cyanobacteria. 
To simplify the designation, the “core-antenna Chi a” will now be abbreviated as “CA-Chl a.” 

In the 1992 report of Witt et a preliminary model of the PS-I reaction-center core consisting of 
polypeptide helices and antenna Chl-a molecules, depicted as rods and disks, respectively, as shown in 
Pig. 5 (A). This model is viewed from the stroma side in a direction perpendicular to the membrane 
normal, in the same manner as that shown previously in Pig. 6 (B) of Chapter 25. Some ofthe polypeptide 
rods ofthe reaction-center core are shown shaded, while the iron-sulfur clusters at the top are depicted as 
cubes and the chlorophyll molecules as disks. The organization ofthe polypeptide helices ofthe PS-I 
reaction-center has already been discussed in Chapter 25. These workers could identify -45 CA-Chl-a 
molecules out of a possible 90 and, since six chlorophyll-a molecules are required to account for the 
electron-transfer cofactors, -45 CA-Chl a molecules remain to be identified. Pig. 5 (B) shows the same 
model after rotation about a horizontal line through the middle so that the PeS “cubes” are nearest the 
viewer. The entire model is also rotated 90° about the membrane normal relative to that in Pig. 5 (A). The 
polypeptide helices represented by the rods and three iron-sulfur clusters have been omitted in this figure 
for the sake of clarity. The arrangement of the chlorophyll molecules was described by the authors as 




Chapter 27 Light-Harvesting Chlorophyll-Protein Complexes of Photosystem I 



453 



resembling a “flower wreath” around a local twofold axis centered between subunits PsaA and PsaB. Note 
that this top-down view does not convey the fact that the chlorophyll molecules are located at different 
heights in the membrane space. 

Note that the ring planes of the chlorophyll molecules in Fig. 5 (A) were shown oriented mostly perpen- 
dicular to the membrane plane. This orientation appears to be similar to that in the PS-II chlorophyll a/b 
protein (LHC II), as determined by Kiihlbrandt and Wang^^ and predicted by Haworth, Tapie, Arntzen and 
Breton^^ on the basis of circular-dichroism measurements. The center-to-center distances between the 
porphyrin planes of the CA-Chl a molecules in the PS-I reaction center range from 8 to 15 A , which are 

'll 

comparable to those in PS II and in the BChl-a protein complex as measured by Mathews, Fenna, 

TO 

Bolognesi and Olson (see Chapter 8, Section V). Some of the closely spaced chlorophyll-a molecules 
appear to form chains running between the stroma and lumen sides of photosystem I. Between 12 and 16 
P-carotene molecules are thought to be present in the PS-I reaction center, but they have not been identified 
by X-ray crystallographic measurements. 

on 

The 1995 report of the Berlin group in Montpellier on the PS-I structure presented X-ray crystallo- 
graphic results obtained with a resolution of 4.5A that yielded more detail on the organization of the 
CA-Chl a molecules in the PS-I reaction-center, as shown in Fig. 5 (B). This new model encompassed 64 
chlorophyll-a molecules. With improvement in crystal quality, the resolution of the electron-density map 
was soon extended to 4 A by KrauB, Schubert, Klukas, Fromme, Witt and Saenger^^. Even though an 
atomic model is still not yet attainable at this resolution, a refined and improved model based on a compre- 
hensive structure analysis has subsequently been reported by the same authors^^, as shown by the stereo- 
gram of the CA-Chl a-assembly in Fig. 5 (C), and will be used for the following discussion. A more 
complete model for a PS-I trimer consisting of both the polypeptide subunits and CA-Chl a molecules is 
shown in Color Plate 1 1 (C). This color plate not only shows most of the electron-transfer cofactors with 
an accuracy of ~1A but has also identified a total of 89 Chls a, of which 83 constitute the core-antenna 
system. It appears that all the CA-Chl a-molecules are carried by the two major subunits, PsaA and PsaB, 
of the PS-I reaction center and that they are coordinated to residues in the somewhat loosely-packed “core- 
antenna domain” shared by PsaA and PsaB and consisting of thea-helices I to VI (cf Chapter 25, Fig. 5). 
The more compact a-helices of the two major subunits form the “reaction-center domain.” 

A stereogram of the CA-Chl a-assembly oriented similar to that in Fig. 5 (B) is presented in Fig. 5 (C). 
All chlorophyll molecules are shown as porphyrin rings to convey the tilt or orientation of the ring plane. 
The stereogram is rich in information concerning various properties of the CA-Chl a molecules. The 83 CA- 
Chl a molecules are arranged in the manner of an elliptical cylinder which surrounds the reaction-center 
domain. By viewing the stereogram, one can easily perceive the relative heights of the molecules above the 
lumenal plane. Viewed from the stroma side down toward the lumen side, one can see near the top center 
the three iron-sulfur clusters close to the viewer, and the P700 further down. The four Chl-a mole- cules 
forming the accessory chlorophyll pair and the A^ pair and lying along the lO-to-4 o’clock axis are also at 
their appropriate depth. The two porphyrin rings, lying along the 2-to-8 o’clock axis are the so-called 
“connecting” Chi a molecules, which we will return to below. The 83 CA-Chl a molecules appear to be 
grouped in three distinct regions of the complex with respect to the membrane normal, with 21,29 and 33 
molecules in the stromal, center and lumenal sections or “slices,” respectively. Also, this elliptical cylinder 
shows a slight narrowing toward the lumen side. Previously, the core antenna network has been described 
as an “oval bowl,” suggesting that it may be suitable as an energy-storage device, in which the excitation 

AA 

energy could be rapidly trapped by P700 located near the bottom of the bowl , as if there was a funnel. 
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Fig. 5. Three-dimensional organization of the core-antenna Chl-a molecules in the PS-1 reaction-center core: The 1992 version (A), the 
1995 version (B) and the 1 997 version, as a stereogram (C). Model in (A) is viev/ed toward the membrane normal, while those in (B) and 
(C) are viewed along the membrane normal, from the stroma to the lumen. See text for other details. Figure source: (A) Witt, Krauli, 
Hinrichs, (I) Witt, Fromme and Saenger (1992) Three-dimensional crystals of photosystem I from Synechococcus sp. and X-ray 
structure analysis at 6 A resolution. In: N Murata (ed) Research In Photosynthesis (Proc IX Intern Congr on Photosynthesis II: 521 , 526, 
Kluwer; (B) Schubert, Klukas, Krauli, Saenger, Fromme and Witt (1995) Present state of the crystal structure analysis of photosystem 
I at 4.5 A resolution. In: P Mathis (ed) Photosysnthesis: from Light to Biosphere. II: 9, Kluwer; (C) Schubert, Klukas, Krauli, Saenger, 
Fromme and Witt (1997) Photosystem I of Synechococcus elongatus at 4 A resolution: Comprehensive structure analysis. J Mol Biol 
272: 756. 

Also, the tilt, or inclination, of the porphyrin planes of the CA-Chl a molecules relative to the membrane 
normal is not randomly distributed. The authors reported that the majority (51) of Chl-a molecules are 
strongly aligned (0 to 30°) relative to the membrane normal, 17 are moderately aligned (30-60°) and 15 are 
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even less aligned (60-90°). From the perspective of the membrane depth, the CA-Chl a molecules in the 
lumen and center sectors are more aligned, while those in the stroma sector show little or no tendency 
toward any particular alignment. The rotational orientation of the porphyrin plane relative to the axis 
through the ring center cannot yet be deduced from the electron-density map and consequently the align- 
ment of the transition moments of each individual CA-Chl a molecule cannot be determined from the 
structure data available so far. 

In the core-antenna assembly, each CA-Chl a has at least one neighbor spaced at a center-to-center 
distance of<16 A. Relative to the Chl-a electron-transfer cofactors, namely, P700, the “accessory chloro- 
phyll” (A), and the primary electron acceptor (Aq), however, the CA-Chl a molecules are at various dis- 
tances, as can be seen in Table II which shows various distances relative to the three electron-transfer Chls 
fl, the number of such core-antenna chlorophylls. 



Table II. Number of cA-Chl-a molecules at various distances 
from electron-transfer components 



relative to 


<20 A 


<30 A 


<40 A 


P700 


1 


20 


49 


A* 


3 


36 


60 


Aq 


13 


36 


63 


cN-Chl a** 


13 


40 


60 



• ’accessory" Chi a; " cn» connecting 



P700, for example, has only one CA-Chl a located <20 A away, while there are 20 within a distance of 30 
A and 49 within 40 A From the table, it can be seen that there are more CA-Chls a clustered close to the 
primary acceptor Ao , i.e.,<20 A , than to the “accessory chlorophylls” or P700, particularly for CA-Chls a 
placed within 20 A. Of the 83 CA-Chl a molecules, two appear to be positioned especially close to the pair 
of Aochlorophyll-a molecules and are designated as the “c^onnecting” Chi a molecules, or “CN-Chl a .” In 
Fig. 5 (C), the two CN-Chl a molecules are represented by the two porphyrin rings with a thin dotted line 
connecting them. Fig. 6 shows a stereogram of the PS-I reaction-center core with the two CN-Chl a mole- 
cules shown inside circles. As seen from the distance data in the bottom row of Table II, the two CN-Chl a 
molecules are as close to the CA-Chl a molecules as any of the electron-transfer Chl-a molecules. 

The distances from the electron-transfer chlorophylls and the two CN-Chl-a molecules to the CA-Chl-a 
molecules suggests that the two CN-Chl-a molecules may serve as a structural and functional link between 
the bulk of the CA-Chl a molecules and the electron-transfer system. Thus, both the accessory Chi a (A) 
and Aq might even have a multiple function in transferring energy toward P700 as well as transferring 
electrons away from P700. The authors suggested that if such were the case, the notion of an efficient, 
“double path” for excitation-energy transfer from the CA-Chl a molecules embracing a parallel pathway 
via the primary electron acceptors to the primary electron donor P700 might be reasonable. 

Another interesting point may be gained by viewing the trimer model in Color Plate 1 1 (C). Notice that 
there is a greater separation of Chl-a molecules in the “trimerization domain” than among the Chl-a 
molecules within the monomer. This implies that transfer of excitation energy within each monomer is 
faster than between the neighboring monomers. 
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Fig. 6. Stereogram of the PS-1 reaction-center electron-transfer cofactors [cf. Fig. 3 (B) in chapter 25] and the two connecting Chl-a 
molecules [CN-Chl a] (inside thin-line circles) which are spaced 1 3 and 1 5 A, respectively, from the \ Chls a. Figure source: Schubert, 
Klukas, Krauli, Saenger, Fromme and Witt (1997) Phofosystem I of Synechococcus e/ongatus at 4 A resolution: Comprehensive 
structure analysis. J Mol Biol 272; 756. 



III. In Vivo Organization of Light-Harvesting Complexes in the PS-i Thylakoid 
Membrane 

The native PS-I complex (PSI-200) consists of two major polypeptides, PsaA and PsaB, a number of 
smaller polypeptides, which together contain a number of electron-transfer cofactors -200 chloro- 
phyll molecules [see Fig. 1 (A)]. About half of the chlorophyll-a molecules plus some P-carotenes are 
contained in the reaction-center core and the remaining 100 chlorophylls, including all of the Chls b, are 
distributed among the peripheral light-harvesting complexes. In the following, we discuss the organization 
of the light-harvesting complexes in the PS-I complex as inferred from electron-microscopic measure- 
ments, supplemented by biochemical and spectroscopic measurements. 

Boekema, Wynn and Malkin^"^ determined the structure ofthe three PS-I complexes, PSI-200, PSI-IOO 
and CPI, by direct electron-microscopic measurement and image analysis. All three complexes appeared 
as oval-shaped disks when viewed from the top of the membrane plane. In some images the two large 
polypeptide subunits (PsaA and PsaB) seemed to be touching each other. The dimensions of the three 
complexes are listed in Table III. 

Table III. Dimensions of CPI, PSI-IOO and PSI-200 complexes 



estimated from electron-microscopy image analysis 



Dimension, nm 


CPI 


PSI-IOO 


PSI-200 


Length 


15.3 


16.2 


20 


Width 


10.5 


11.1 


16 


Thickness 


6.3 


6.9 


6.8 
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Of course, the projected dimensions of a complex depend on the number of polypeptide suhunits it 
contains. The polypeptide composition of a complex, as estimated hy analysis of its SDS-PAGE pattern, is 
illustrated for PSI-200 and PSI-100 in Fig. 7. As mentioned in the previous chapter, CPI is the simplest 
PS-I reaction-center core. It consists of PsaA, PsaB, a 9.7 kDa polypeptide suhunit, plus P700, A„, A| and 
-100 core-antenna chlorophyll-a molecules. PSI-100 and PSI-200 have the same complement ofproteins, 
namely, PsaA, PsaB plus several additional smaller polypeptide suhunits, the same electron carriers and 
-100 core-antenna Chl-a molecules each. PSI-200 however carries four additional peripheral light-har- 
vesting polypeptide complexes with molecular masses ranging from 22 to 24 kDa. The dimensions ofthe 
three complexes as listed in Table III are in accord with their molecular masses. For instance, PSI-100 is 
slightly larger than CPI in all three dimensions, resulting in a 22.6% difference in their volumes. The 
difference between their total masses, based on the masses ofthe polypeptide subunits, electron carriers 
and pigment molecules contained in them, turned out to be 22%, very close to the estimated volume 
difference. 

The area ofthe average top-view projection of PSI-200 is 77% larger than that of PSI-100. However, 
when the detergent layers surrounding the two complexes in the top-view projections are corrected for, 
PSI-200 is found to be 110% larger than PSI-100. The larger size of PSI-200 has to be due to the light- 
harvesting complexes that are attached to the reaction-center core in PSI-200 but absent in PSI-100. To 
estimate the total molecular mass of the surrounding light-harvesting complexes, Boekema et al?'^ used 
the molecular-weight values of the four LHC Is of spinach based on the tomato gene sequence, which was 
then known, and obtained the values of 26.1,24.9,23 and 22 kDa. The authors further presumed that two 
copies of each ofthe four LHC Is are attached around the reaction-center core (PSI-100), as illustrated in 
Fig. 7. From the estimated molecular masses of the attached LHC Is, the size of the top-view projection of 
the assembled PSI-200 would be -100% greater than that of PSI-100, which is in good agreement with the 
110% difference in projected areabetween them, as determined from image analysis with the assumption 
that each LHC -I subunit contains 12-13 chlorophyll molecules, two copies each of the four LHC Fs 
together would account for the - 100 chlorophyll molecules present in the light-harvesting complexes that 
are lost during the fractionation of PSI-200 to obtain PSI-100. A tentative model, based on the electron- 
microscopic results and the estimated molecular masses ofthe light-harvesting chlorophyll-proteins, is 
shown in Fig. 7. 




Fig. 7. Model for the "native” photosystem-l complex (PSI-200) constructed from the reaction-center core (CC I) and two copies of each 
ofthe four light-harvesting chlorophyll-protein complexes. Figure adapted from Boekema, Wynn and Malkin (1990) The structure of 
spinach photosystem I studied by electron microscopy. Biochim Biophys Acta 1 01 7: 55. 

We now briefly look at some aspects of energy transfer involving the peripheral light-harvesting com- 
plexes and the core-antenna chlorophyll-a molecules. After the PSI-200 and PSI-100 complexes had been 
characterized, Ortiz, Lam, Ghirardi and Malkin^^ proceeded to investigate the role ofthe peripheral light- 
harvesting complexes (LHC I) in PSI-200 by monitoring P700 photooxidation under light- 
limiting conditions. Samples of PSI-200 and PSI-100 were excited with low-intensity broad-band green 
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light that is absorbed equally by both chlorophylls a and b. As expected, PSl-100, which is devoid ofthe 
peripheral light-harvesting complex, showed for P700 photooxidation a rate constant of 3.5,v ' v^. 7 ,v ' for 
PSl-200 or unfractionated spinach thylakoids. The different rate constants apparently reflect the lack of 
the peripheral light-harvesting complex in PSl-100. The authors also demonstrated that when PSl-100 
was reconstituted with the light-harvesting complex the rate of P700 photooxidation increased substan- 
tially. 

In an attempt to examine further the role played by the light-harvesting complexes in energy transfer, 
Bassi and Simpson^^ conducted reconstitution experiments with a PSl-200 complex that contained both 
LHC 1-680 and LHC 1-730 and one that specifically lacked LHC 1-680. The LHC-11 complex isolated 
from photosystem 11 was added to the normal PSl-200 and to the one devoid of LHC 1-680 and their 
fluorescence levels then measured. In the sample containing PSl-200 and LHC 11, the latter was apparently 
able to transfer energy to the PS-1 reaction center, since the 685-nm fluorescence ofLHC 11 was found to 
be quenched. Addition of 0.4% octyl glucoside to this sample apparently caused LHC 11 to be detached 
from PSl-200 as evidenced by an increase in LHC 11 fluorescence at 685 nm and a corresponding decrease 
at 730 nm due to PS 1. In the mixture containing LHC 11 and the PSl-200 depleted of LHC 1-680, addition 
of octyl glucoside did not alter the 685-nm fluorescence. Based on these results, the authors proposed a 
linear energy-transfer sequence to P700: 

LHC II LHC 1-680 -> LHC 1-730 ^ P700 [CC IJ. 

Earlier, Ortiz, Lam, Chollar, Munt and Malkin^® used proteolytic digestion of membrane-bound PS-I 
complexes to develop a model for the transmembrane topography ofthe polypeptide constituents in photo- 
system I. PS-I complexes were first digested with pronase and then the modified complex and polypeptide 
constituents were isolated and compared in order to localize the effect of proteolysis on the component 
polypeptides. As far as the LHC-I components are concerned, the authors found that the 23-kDa polypep- 
tide was extremely sensitive to pronase treatment, while the 22-kDa polypeptide was sensitive to a lesser 
extent. On the other hand, the 20-kDa polypeptide was totally unaffected, even by the highest concentra- 
tion of pronase used. The proteolytic digestion results suggest that the 23- and 22-kDa polypeptides are 
exposed to the stroma side, while the 20-kDa polypeptide is probably buried inside the innermost portion 
ofthe PS-I complex. In conjunction with proteolytic digestion, the authors also carried out chemical 
labeling of the constituent polypeptides of the PS-I complex with the chemical modifier, 2,4,6- 
trinitrobenzenesulfonate (TNBS). In agreement with the pronase digestion results, the 23-kDa polypeptide 
was readily labeled with '"'C-TNBS and the 22-kDa was labeled to a lesser extent, while the 20-kDa was 
not labeled by ^"^C-TNBS at all. These parallel results from pronase digestion and chemical labeling led the 
authors to propose a model for the transmembrane topography of the light-harvesting polypeptides in 
photosystem I, as shown by the graphic illustration presented earlier in Fig. 1 (A). 

With the model of the PS-I complex (Fig. 7) based on the directly determined electron-microscopic 
images, the energy-transfer-sequence and topographic models derived from spectroscopic and biochemical 
measurements [Fig. 1 (A)] for the peripheral light-harvesting complexes, plus the three-dimensional orga- 
nization ofthe core antenna chlorophyll-a molecules recently determined by X-ray crystallography (Fig. 
5), one may construct a more detailed model for the PS-I complex, as shown in Fig. 8 (A), a model which 
encompasses both the peripheral light-harvesting complexes and the core-antenna chlorophyll-a molecules 
(only shown as a monomer). One may recall the description given previously ofthe core antenna forming 
an oval-shaped bowl which may serve as an energy-storage device, and that this stored energy may be 
rapidly trapped by P700. The overlapping double-ring at the center of the core-antenna “bowl” in CC I of 
Fig. 8 (A) represents P700. Of course, a large body of information on energy transfer involving the light- 
harvesting chlorophyll-protein complexes in photosystem I exists in the photosynthesis literature and is in 
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tioned, however, that time-resolved fluorescence measurements may be usefully employed to monitor the 
migration and trapping of excitation energy. For a recent review on energy transfer in photosystem I, the 
readers may consult the article by van Grondelle, Dekker, Gillbro and Sundstrom^^. To conclude this 
chapter we include, for reference, two recent models, one proposed by Jansson*^"^ on the basis of the 
{ 2 + 2 + 2 + 1 ) motif for the peripheral light-harvesting chlorophyll-protein complexes surrounding the PS-I 
reaction-center core, as shown in Fig. 8 (B), and one by Fromme based on cross-linking results, as shown 
in Fig. 8 (C). 




Fig. 8. (A) A composite model constructed for the native photosystem I composed of the CC I with the new model for a PS-1 reaction- 
center monomer containing both the subunit polypeptides and the core-antenna Chl-a molecules plus the peripheral LHC I proteins. (B) 
The Jansson model. (C) The Fromme model. (A) adapted from Boekema, Wynn and Malkin (1990) The structure of spinach photosys- 
tem I studied by electron microscopy. Biochim BiophysActa 1017: 55 and Schubert, Klukas. KrauB, Saenger, Fromme and Witt (1997) 
Photosystem I of Synechococcus elongatus at 4 A resolution: Comprehensive structure analysis. J Mol Biol 272: 756; (B) from 
Jansson (1994) The light-harvesting chlorophyll alb-binding proteins. Biochim BiophysActa 1184: 15. (C)from Fromme (1996) Struc- 
ture and function of photosystem I. Current Opinion in Structural Biology 6: 474. 
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The primary electron donor of photosystem I, P700, was discovered in 1956 by Kok‘ when he noticed a 
minute absorbance change in chloroplasts when illuminated. He attributed the absorbance change to that 
of a pigment species that is possibly undergoing a photo-induced redox change. Kok named this species 
“P700,” as the maximum wavelength of the change was near 700 nm. The “P” stands for “pigment,” and 
may now also be considered to stand for the “chlorophyll special pair.” Fig. 1 illustrates the position of the 
primary donor P700, in the drawing of the PS-I reaction center on the left, and in a stereogram on the right. 
In green plants, the ratio ofP700 to bulk chlorophyll in the majority of cases is -1/400. In earlier studies, 
attempts were made by many workers to isolate subchloroplast particles highly enriched in P700 by re- 
moving the bulk chlorophyll and, eventually, subchloroplast fragments with a chlorophyll-to-P700 ratio of 
<10 was achieved. 





Fig. 1. P700 in the phofosystem-l reaction center. At right is a stereogram of the PS-I RC electron-transfer cofactors. 
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The primary photochemical reaction in the PS-I reaction center occurs with the following electron- 
transfer sequence: 

P700 Ao A, ^ FeS-X -)■ FeS-(A/B) ^ Fd ^ NADP’ 

P700 was originally considered to consist of an ordinary chlorophyll-a molecule endowed with some 
unique properties because of its special environment. When the energy of a photon excites P700, it com- 
mands an extremely high reducing power, or negative redox potential, that enables it to transfer its electron 
to reduce electron acceptor Ao,P700 itself becoming oxidized to P700Mhere is a series of five known 
electron acceptors for P700. The first, or primary, electron acceptor, Aq, is a monomeric chlorophyll-a 
molecule and of the five is located closest to P700. It accepts an electron from excited P700 extremely 
rapidly, in fact in <4ps. The lifetime of the reduced primary acceptor Aq" is also very short, between 20 
and 50 ps. The electron subsequently passed through a chain of electron acceptors [A,, a phylloquinone 
molecule, followed by three iron-sulfur clusters, FeS-X and FeS-A/B] and eventually to ferredoxin. The 
reduced ferredoxin then reduces NADP" to NADPH, a reaction catalyzed by the enzyme 

ferredoxin N A DP" -reductase (FNR). Although the initial electron-transfer rate is very rapid, transfer to 
more distant acceptors takes place on increasingly longer time scales. The rapid rates ofthe early transfer 
steps, as mentioned previously, is Nature’s strategy for preventing a reversal of electron transfer back to 
P700", which would result in an effective loss ofefficiency. 

In this chapter, we will look at the chemical properties of P700, its optical and EPR properties, as well 
as its chemical identity, molar extinction coefficient and its oxidation-reduction potential. In the chapters 
to follow, where the acceptors will be discussed, we shall return to P700 again and look at its relationship 
to the various acceptors. 

I. Optical and EPR Properties 

The photo-induced absorbance change of P700 was found to originate from an oxidative change, based 
on the observation that a similar absorbance change could also be produced by the addition of an oxidizing 
agent such as ferricyanide. The characteristic, reversible absorption-spectrum change produced when 
P700 is oxidized photochemically is shown in Fig. 2. The difference spectrum ofP700 shows major 
negative absorbance changes near 430 and 700 nm and broad and almost featureless absorbance increases 
around -820 nm and also in the 450-560 nm region. The position ofthe major red band of absorption 
decrease indicates that the absorbance band ofP700 is almost 30 nm to the red with respect to chlorophyll 
in solution. With the assumption that P700 is a pair of closely spaced chlorophyll molecules, the red shift 
can be attributed to an exciton interaction within the dimer, although interaction between pigment and 
protein molecules cannot be discounted. 

The free-radical EPR signal produced by P700 photooxidation was first seen by Commoner, Heise and 
Townsend^ back in 1956. The association ofthis EPR signal with photooxidized P700" was demonstrated 
later by Beinert, Kok and Hoch^ and correlated quantitatively by Baker and Weaver"^ and by Warden and 
Bolton^. The latter authors furthermore showed that the kinetics ofthe EPR and optical signals of P700 
were correlated. Fig. 3 (A) shows the EPR spectmm ofFlOO”" obtained by illumination ofTSF-I particles 
at 77 K; this Gaussian EPR spectrum has ag-value of2.0025±0.0001 and a AH of7.1±0.1 G. Fig. 3, (B) 
shows the kinetics ofthe EPR change monitored at the low-field peak and the absorbance change moni- 
tored at 700 nm for two types of particles (D144 and TSF-I). The different decay profiles observed for 
these particles are attributable to the different redox state ofthe media used for the two samples. For each 
sample, however, the kinetic correspondence between the EPR and absorbance changes is excellent, estab- 
lishing that the EPR and absorbance change signals are due to the same photochemical reaction. 
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Fig. 2. Light-induced absorbance change due to P700 photooxkJation. Figure source: Ke (1973) The primary electron acceptor of 

photosystem I. Biochim BiophysActa 301; 27 

The EPR linewidth of P700"^ is nearly equal to the linewidth value of free-radical ChP in solution but 
reduced by a factor ofV2. This narrowing ofthe linewidth in the P700^ EPR spectrum led Norris, Uphaus, 
Crespi and Katz® to propose that P700 is a chlorophyll dimer and to attribute the linewidth to unresolved 
hyperfine splitting due to the interaction of the unpaired electron with the protons in the chlorophyll dimer 
(See the similar reasoning in the case ofthe bacteriochlorophyll dimer in the bacterial reaction center P870 
discussed in Chapter 4). 





Fig. 3. (A) EPR spectrum of P700* at 77 K; (B) Kinetic correlation between the time course of light-induced P700* signal changes 
measured by EPR spectroscopy and by optical spectroscopy near 700 nm at ambient temperature in D1 44 particles (top) and TSF-1 
particles (bottom). Figure source: (B) Warden and Bolton (1972) Simultaneous optical and electron spin resonance detection ofthe 
primary photoproduct in green plant photosynthesis. J Am Chem Soc 94; 4352. 

A dimer structure for P700 was also proposed by Philipson, Sato and Sauer^ based on circular-dichro- 
ism measurements. Pig. 4 (A) shows the normal absorption and the circular-dichroism (CD) spectra of 
HP700 particles prepared by Triton fractionation of hexane-acetone extracted chloroplasts. The major red 
absorption band is at 672 nm, compared with 678 nm usually seen in intact chloroplasts. The CD spectrum 
shows two positive bands at 654 and 672 nm and a negative band at 688 nm. The light-minus-dark 
difference spectra for normal absorption and for circular dichroism are shown for HP700 in Pig. 4 (B). 
Unlike changes in P700-enriched particles that were fractionated using a mild treatment, the major red 
absorption-band change occurs at a slightly shorter wavelength of 697.5 nm and the 680-nm absorption 
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decrease is also smaller. The difference CD provides a unique means for characterizing the photoactive 
P700. The light-minus-dark difference CD spectrum shows two hands of approximately equal amplitude: 
a positive 696.5-nm hand and a negative one at 688 nm. Philipson etal. suggested that a chlorophyll dimer 
is involved in the PS-I reaction center and that the two chlorophyll molecules are coupled hy exciton 
interaction. Photooxidation of one chlorophyll within the reaction-center dimer leads to the loss of reso- 
nance interaction and a decrease ofthe CD signal. Finally, it is of interest to note that the recently reported 
three-dimensional structure ofthe PS-I reaction-center core appears to provide additional support (see Fig. 
1) for the earlier dimer proposals. 





Fig. 4. (A) Absorption (top) and CD (bottom) spectra of HP700 particles; (B) the corresponding light-minus-dark difference spectra for 
absorbance and CD. Figure source: Philipson, Sato and Sauer (1972) Exciton interaction in photosystem I reaction center from spinach 
chloroplasts. Absorption and circular-dichroism difference spectra. Biochemistry 1 1 : 4592, 4593. 



II. Chemical Identity of P700 

The notion that P700 is not a dimer of Chi a hut of some other kind of chlorophyll pigment molecule 
which possessed some unique properties began to receive attention in the early 1980s. In 1981, Dornemann 
and Senger^ isolated what seemed to he a previously unrecognized form of chlorophyll from a pigment 
mutant ofthe green alga Scenedesmus obliquus, called C-6E, which formerly had been considered to 
contain just chlorophyll a. This chlorophyllous pigment had absorption and emission properties appar- 
ently only slightly different from that of chlorophyll a and was named “Chl-RCl,” suggesting that this 
species might be the constitutent of P700 of the reaction center of photosystem I. From a number of other 
photosynthetic organisms Chl-RCl was also subsequently extracted. In all preparations examined, the 
total Chl/Chl-RCl ratio was consistent with its being the constituent of P700. Later, Dornemann and 
Senger^ identified the structure of Chl-RCl as I3’-OH-20-CI-Chl a by the use of a host of techniques, 
including NMR, FTIR, neutron activation analysis and plasma desorption mass spectrometry. 

In 1985, Watanabe and coworkers‘° also investigated the question ofthe identity of P700 but using high- 
performance liquid chromatography (HPLC) in the separation and purification steps found a different 
minor component, “Chi o',” which proved to be a stereoisomer of Chi a. Apparently, Watanabe etal. could 
not find Chl-RCl as reported by Dornemann and Senger, who had used thin-layer chromatography (TLC) 
for separation and purification in their work. In 1988, Senge, Dornemann and Senger* * re-examined Chi- 
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RCl by using “reverse-phase” HPLC for separation and purification and concluded that Chl-RCl was a 
preparation artifact formed during the TLC separation step. The conclusion appeared reasonable as it is 
known that chlorophyll is easily chlorinated at the C20 position'^ and readily hydroxylated on the silica- 
gel material used in thin-layer chromatography. 

The new epimer (Chi al) of Chi a found by Watanabe et al. led them to suggest that it might be the 
chromophore of P700, based on the ratio of total chlorophyll to the epimer and its stoichiometric relation- 
ship with P700. Chi a' and Chi a are identical in composition, the only difference being that the R' and R^ 
groups on C13 are interchanged, as illustrated in Fig. 5 (A). The suggestion that Chi a' might be the 
chromophore of P700 was further supported by the demonstration that the in vitro, oxidized-minus-re- 
duced difference spectrum of dimeric Chi a' was very similar to that of spinach P700, except the maximum 
absorption band of the Chl-o' dimer was red-shifted by ~15 nm relative to P700, as shown in Fig. 5 (B). 
Flowever, unlike the photooxidation ofP700 {in vivo), the chemical oxidation oftheChl-o' dimer (in vitro) 
was irreversible. The difference between the positions ofthe major red bands was attributed to a signifi- 
cant difference in the dielectric properties of their respective environments, with the Chl-a' dimer being in 
aqueous acetone and P700 in a hydrophobic environment in vivo. On the other hand, a similar difference 
spectrum was not produced by a Chl-a dimer. 
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Fig. 5. (A) Structure ofthe chlorophyll-a' epimer; (B) The in vitro oxidized-minus-reduced difference spectrum of dimeric Chi a' com- 
pared with thatof P700 (of spinach). Figure source: Watanabe, Kobayashi, Hongu, Nakazato, Hiyama and Murata (1985) Evidence that 
a chlorophyll a' dimer consWufes the photochemical reaction centre (P700) in photosynthetic apparatus. FEBS Lett 191 : 2255. The 
light-induced difference spectrum for P700 was originally in Hiyama and Ke (1 972) Difference spectra and extinction coefficient of 
P700. Biochim Biophys Acta 267: 163. 

Since the initial finding of Chi a', reports appearing from time to time on the stoichiometry between Chi 
a' and P700 were in considerable disagreement with each other. It was first reported by Watanabe et al.^\& 
2, as it should be ifChl a' were the chromophore of a dimeric P700, but later by Kobayashi et a/.'^as 1. 
These perplexing results were reexamined later by Watanabe and coworkers'"^ who used a binary solvent 
mixture of CHCI3 and acetone ofvariable proportions for extraction. As shown in Fig. 6 (A), a hydrophilic 
solvent such as acetone apparently can extract more ofthe Chi d present in the reaction-center core, while 
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a hydrophobic solvent (CHCI3) can remove only half of it. The authors reasoned that the two Chl-o' 
molecules making up P700 may be coordinated to both the PsaA and PsaB subunits, each of which may 
furnish different degrees ofhydrophobicity (or hydrophilicity) in their respective environments. Thus the 
authors concluded that a pair ofChl-aepimer, Chi a', was most likely the chromophore ofthe P700 dimer 
in the PS-I reaction-center core. 

Maeda, Watanabe, Kobayashi and Ikegami^^ carried out an extensive analysis of extracts from leaves of 
spinach and hydrangea, and the cyanobacterium Synechocystis PCC 6714, including its cells and par- 
ticles. The total chlorophyll-to-P700 ratio in the samples ranged from -200 down to 8. As seen in Fig. 6 
(A), for all these materials extraction with chloroform liberated about half ofthe Chi a' present in vivo, 
with the remaining half requiring acetone for extraction. The results of the analysis of the HPLC elution 
profile for the two-step extractions with spinach leaf is presented in the table below Fig. 6. For Synechocystis 
which were particles highly enriched in P700 [Chl/P700=12] some striking results were observed. As 
presented on the right half of the table, the elution profile from the first step of the extraction with CHCI3 
showed 85 pmoles of Chi d and 1100 pmoles of Chi a. The second-step extraction with acetone yielded 74 
pmoles ofChla' and 160 pmoles of Chi a, corresponding to a Chi «'-to-Chl a ratio of 0.46, which is much 
higher than the thermodynamic equilibrium value of 0.33, as found by Watanabe and coworkers previ- 
ously. This was considered by the authors as unequivocal evidence that Chi a' is present in vivo and not an 
artifact of any Chi a— >Chl a' epimerization that might have taken place during the extraction step. 






Fig. 6. (A) Effect of composition of a binary solvent mixture on the apparent Chi a'/total chlorophyll molar ratio in extracts of spinach leaf 
tissue ( 0 ) and chloroplasts (•). (B) relationship between the Chi a/Chl a' molar ratio and the Chi a/P700 molar ratio for a number of P700- 
enriched subchloroplast particles by chloroform extraction ( 0 ) and by acetone extraction (•). The solid line closest to the open circles is 
for Chi a’/P700=1 and that nearest the filled circles for Chi aVP700= 2. See text for details. Figure source: (A) Watanabe, Kobayashi, 
Maeda. Oba, Yoshida, Van de Meent and Amesz (1992) Function ofthe C1 3^-epimer chlorophylls in type I photosystem reaction 
centers. In: N Murata (ed) Research in Photosynthesis, Vol III: 4. Kluwer Acad PubI; (B) Maeda, Watanabe, Kobayashi and Ikegami 
(1992) Presence of two chlorophyll a' molecules at the core of photosystem I. Biochim Biophys Acta 1099: 78. 
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Fig. 6 (B) is a summary plot of the Chi a/Chl a' V5. the Chi a/P700 molar ratios for samples covering a 
wide range ofChl/P700 ratios obtained from the two-step extraction experiments. The open and filled 
circles represent data points obtained from CHCI 3 and acetone extractions, respectively. The open circles 
from CHCI 3 extraction fall along a line drawn for Chi a'/P700=l, while the filled circles from acetone 
extraction fall along a line drawn for Chi a'/P700=2, 

These extensive extraction experiments with quantitative analysis of the extracted pigments are consis- 
tent with the notion that Chi a' is very likely the chromophore ofP700 of photosystem I. Additionally, 
Hiyama, Watanabe, Kobayashi and Nakazato*® previously demonstrated that a 65-kDa protein subunit 
from aphotosystem-I preparation with P700 extracted (by incubating in 1% lithium dodecyl sulfate) could 
be reactivated by adding Chi a'. The resulting complex exhibited a triple-peaked absorption spectrum with 
maxima at 673, 692 and 707 nm. Difference spectra obtained following photochemical or chemical oxida- 
tion showed a major absorbance decrease at 707 nm, a minor one at 690 nm and a very small one at 430 
nm. The overall difference spectrum resembles that of P700, only somewhat red-shifted. The basic ques- 
tion that remains is how the Chl-o' dimer is situated in the PS-I reaction-center core in vivo and how it 
participates in the primary photochemistry of photosystem I. 



III. The Extinction Coefficient of P700 

Since the redox changes in P700 are often monitored rather easily spectrophotometrically, its extinction 
coefficient would be a useful parameter for various quantitative measurements that involve P700, such as 
reaction rate and quantum yield. An initial attempt to determine the extinction coefficient was made by Ke, 
Ogawa, Hiyama and Vernon’^ in 1971, and a more definitive follow-up measurement was reported by 
Hiyama and Ke'^ in 1972. 

Since its concentration is often low relative to the total chlorophyll content, direct measurement of P700 
in either the reduced or oxidized state may be impractical. In practice, changes of P700 are invariably 
detected or measured through spectral changes accompanying changes in its redox state. Thus it ought to 
be possible to estimate its differential extinction coefficient by spectrophotometric measurements. In prin- 
ciple then, one needs to choose a chemical species that can interact directly with P700, say, by being 
directly oxidized by P700^ and thus be quantitatively monitored spectrophotometrically (simultaneously) 
and, at the same time, one whose extinction coefficient is accurately known also. 

I II. A. Determination Using N,N, N’,N'-tetramethyl-p-phenylenediamine (TMPD) as a Mediator 
in a Cyclic Reaction 

We will first discuss the measurement in which an electron-carrier couple consisting of N,NN’,N’-tetra- 
methyl-/?-phenylenediamine (TMPD) and its oxidized form, TMPD'^ (“Wurster’s blue”), was used to me- 
diate the transport ofphotochemically separated charges in a cyclic reaction around photosystem I under 
anaerobic conditions. As illustrated in Fig. 7 (A), reduced TMPD can donate an electron to photooxidized 
P700^ while oxidized TMPD^ can extract an electron from the photoreduced terminal acceptor P430' 
[Details of this electron acceptor will be discussed in Chapter 30], both occurring in the dark phase. For 
these measurements, the extinction coefficient ofTMPD”^ determined by using ferricyanide as the oxidant 
yielded a value of 10.7 mM~'-cm''at575 nm. Since the reduced form of TMPD has no absorption between 
400 and 700 nm, the extinction coefficient obtained above can be conveniently taken as its differential 
millimolar extinction coefficient (Ae). It is also worth noting that 575 nm happens to be an isosbestic point 
for photooxidation of P700, and that both the oxidized and reduced forms of TMPD have negligible 
absorption near 700 nm. Thus neither species interferes with the measurement of the other. 
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Fig. 7. (A) Reaction scheme involving a cyclic electron transport around photosystem I mediated by the TMPD*/TMPD couple. (B) Semi- 
logarithmic plots of decay of absorbance changes at 700 and 575 nm in spinach D1 44 particles following a flash at different TMPD* 
concentrations [TMPD at 67 pM; ofor0.2nM, •forO.SpM, and ■‘•for 1.2 pM TMPD*, respectively]; Figure source: (B) Hiyamaand Ke 
(1972) Difference spectra and extinction coefficient ofP700. Biochim Biophys Acta 267: 1 62. 

Fig. 7 (B) shows the logarithmic plots of the decay phase for P700'" re-reduction at 700 nm and the 
corresponding onset phase for TMPD oxidation at 575 nm following a flash, representing changes due to 
P700^ re-reduction and TMPD oxidation hyP700^, respectively. The fact that the two plots are parallel to 
each other clearly shows that the two reactions are kinetically coupled. Since changes at the two wave- 
lengths were made under identical conditions, i.e., with the same reaction mixture and the same actinic 
flash, a constant stoichiometric relationship can he expected between the amplitudes ofthe 700- and 575- 
nm changes at any given point in time. Indeed, the ratio ofthe amplitudes remained constant throughout 
the course ofthe reaction. Thus a Ae value of64 was obtained for P700 in the spinach D-144 

particles at 700 nm, based on the extinction coefficient of 10.7 mM~'’cm~' at 575 nm for TMPD, as noted 
above. A similar measurement using HP700 particles prepared from Anabaena yielded a value of 70 
mM“'- cm”' at 700 nm. 

1 1 LB. Determination Using a C-type Cytochrome in a Direct Coupiing with P700* 

In our discussion of bacterial photosynthesis (Chapter 10) we pointed out that cytochrome c, because of 
its suitable redox potential and, more importantly, its high isoelectric point relative to that ofthe bacterial 
reaction center, is intimately attached to the RC complex through electrostatic attraction. Consequently, 
the photooxidized primary donor P870* in purple bacteria can directly extract an electron from the cyto- 
chrome causing its own reduction as well as cytochrome oxidation in the dark phase. The well-docu- 
mented, differential extinction coefficient for the cytochrome can then be used with appropriate, flash- 
induced absorbance-change data to determine the extinction coefficient for the donor in question. We 
found the same scenario is equally applicable'^ to the photosystem-I reaction-center complex and cyto- 
chrome-552 isolated from Euglena as well as to the PS-I complex isolated from the cyanobacterium 
Anabaena variabilis and mammalian cytochrome c. Here, again, the intimate association of the cyto- 
chrome to the PS-I reaction-center complex is electrostatic in nature. Before proceeding further, I should 
hasten to add that the extinction-coefficient value for P700 determined by this cytochrome method was 
soon found to be seriously overestimated. Nevertheless, a brief description ofthe method and a clarifica- 
tion ofthe shortcomings ofthe experimental design can serve some instructive purpose. 
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Fig. 8 shows the absorbance-change signal at 703 nm due to P700 in a spinach PS-I particle (TSF-I), the 
onset portion representing its rapid photooxidation by a short flash and the decay its re-reduction, i.e., 
PlOO^^ P700, in the dark phase. The absorbance change at 552 nm where the a-band of Euglena cyto- 
chrome-552 has a maximum, shows only a slow decrease following the flash, signaling its oxidation in the 
dark. The kinetics of the re-reduction of P700'at 703 nm and of the oxidation ofthe cytochrome at 552 nm 
were found to be identical, indicating that P700'^ reduction was kinetically coupled to the oxidation of 
cytochrome-552. 



Fig. 8. Kinetic coupling of the dark re-reduction of P700* at 703 nm and 
oxidation of Euglena cytochrome 552 at 552 nm. Figure source: Ke, Ogawa, 
Hiyama and Vernon (1971) Experimental determination of the mo/ar dif- 
ferentia/ ext/nction coefficient of P700. Biochim Biophys Acta 226: 57. 



I \ 1 

10 s 

The extinction-coefficient value estimated by the cytochrome method was substantially greater than that 
by the TMPD method, namely, 122 vs. 64 mM’'-cm”'. The overestimation ofthe P700 extinction value 
was found to be accountable by a truncation ofthe absorbance change due to cytochrome oxidation. One 
cause for the error was a small (and rapid) absorbance increase at 552 nm that accompanies P7(X) photo- 
oxidation (refer to P700 difference spectrum in Fig. 2). This absorbance increase consequently resulted in 
an underestimate ofthe actual absorbance decrease due to cytochrome oxidation. The second source of 
error occurred in the following manner. In the reaction mixture, some methyl viologen was added for the 
purpose of diverting P430~ formed during the photochemical charge separation, as methyl viologen effi- 
ciently drains electrons from P430", preventing its back reaction with P700^ and thus ensuring complete 
coupling between P700 and the cytochrome. The rapidly reduced methyl viologen, however, is a strong 
reductant and can reduce some ofthe cytochrome that was being oxidized by P700*, again resulting in an 
underestimate ofthe total amount of cytochrome oxidized byP700^Note that the reaction of cytochrome 
c with the bacterial reaction center is much more rapid, ofthe order of~25 //s, than with the PS-I reaction 
center, as seen in Fig. 8. Consequently, the oxidation of cytochrome by the PS-I reaction center is not rapid 
enough to preclude such secondary chemical reduction of the oxidized cytochrome by reduced methyl 
viologen, as encountered in the measurements of P700. 




IV. Redox Potential of P700 

As P700 is the primary electron donor of photosystem I, its redox potential (E„) is a very important 
parameter for energetic considerations. Soon after his discovery of P700, Kok'^ measured the redox poten- 
tial of P700 in a partially enriched chloroplast sample obtained by acetone treatment to remove the bulk 
chlorophyll. The ferri-Zferro-cyanide couple was used as the titrant and the extent of photooxidation of 
P700 was monitored as a function ofthe ambient redox potential. By using this procedure, Kok obtained 
a redox-potential value of -i430 mV for P700. Over the next twenty years, more than a dozen laboratories 
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have determined the value for P700 in chloroplasts and various simpler suhchloroplast complexes. 
Although the majority ofthe values were around +480 mV, values as low as +370 mV and as high as +530 
mV have been reported, as summarized in Table I. 

The most recent measurement was carried out by Setif and Mathis^®, who looked particularly for the 
probable cause for the variance in the redox-potential values reported in the literature. These authors used 
chloroplast thylakoid lamellae and simpler complexes fractionated by treatment with digitonin, Triton and 
other detergents or combinations thereof. A CPI complex (i.e., one in which all iron-sulfur clusters were 
removed) prepared from tobacco by SDS fractionation was also used in their study. 

The basic procedure for titration was to poise the sample with different proportions of ferri- and ferro- 
cyanide so that a certain fraction ofP700 would be chemically oxidized and consequently would not be 
available for photooxidation by a laser flash. The value ofthe ferri-/ferro-cyanide couple was deter- 
mined to be +431 mV. Thus the precise redox potential value ofthe sample could be calculated from any 
given ferri -/ferro-cyanide ratio or the actual potential value measured directly with a platinum electrode. 
The baseline for 100% photooxidizable P700 was determined with a sample containing > 1 00 pM ferro- 
cyanide. Setif and Mathis reported, however, that ferricyanide alone, even up to 4 mM, could chemically 
oxidize only 90% of the P700. This factor would have to be taken into consideration in estimating the 
redox potential ofP700 also. 

Fig. 9 shows the titration results for the following samples: chloroplast lamellae and TSF-I particles, 
both measured at 820 nm, and the CPI complex measured at 820 as well as 703 nm. Each sample was 
titrated oxidatively (starting with 1 00 pM ferrocyanide and adding ferricyanide to a maximum concentra 
tion of 10 mM) and reductively (starting with 1-5 mM ferricyanide and adding ferrocyanide to a maximum 
concentration of 10 mM). The titration is a plot ofthe light-induced A A vs. the actual redox-potential of 
the medium or the ferri-Zferrocyanide ratio as shown in Fig. 9. The plot ofthe data points clearly show that 
the titration was completely reversible and that P700 was in redox equilibrium with the ferri-/ferro-cya- 
nide couple. The solid line is the theoretical Nernst curve for a one-electron transition and the data points 
agree well with the theoretical course. The titration curve for both the chloroplast lamellae and the TSF-I, 
as well as D144 (data not shown here), yielded an value of +492 mV. 




Fig. 9. Redox titrations of chloroplast lamellae and TSF-I particles prepared from spinach and the CPI complex prepared from tobacco 
chloroplasts and estimated from a plot ofthe light-induced absorbance changes due to P700 oxidation vs. the ambient redox potential 
expressed as ferri-/ferrocyanide ratio on a logarithmic scale. Crosses and open symbols are for oxidative titrations and solid symbols are 
for reductive titrations. Chloroplast lamellae and TSF-I particles were measured at 820 nm; the tobacco CPI complex was measured at 
820 as well as 703 nm. The solid lines are theoretical Nernst curves for a one-electron transition. The value for AA=100 was obtained 
with a sample containing ferrocyanide alone. Figure source; S6tif and Mathis (1980) The oxidation-reduction potential ofPTOO in 
chloroplast lamellae and subchioroplast particles. Arch Biochem Biophys 204: 480. 
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Table I. Determinations of P700 f^-values - a Summary 



Author(s) [Year (reference)) 


Sample 


Monitored signal 


E„,mV 


Kok[1961 (19)] 


Spinach chloroplast 
(acetone extracted) 


AA 


430 


Beinert et al. [1962 (3)] 




EPR 


430 


Loach era/. [1963 (21)) 


“Quantasomes" 


EPR 


440 


Rumberg[1964 (22)] 


Spinach chipst 


AA 


460±10 


Yamamoto and Vernon [1969 (23)1 


Spinach chipst 


AA 


480 


Thornber and Olson [1971 (24)] 


Chl-a protein [P. luridum] 


AA 


380-420 


Knaff and Malkin [1973 (25)] 


D144 


AA/EPR 


520 


Ke e/a/. [1975 (26)] 


TSF-I (additional fractionation) 


AA 


468 


lkegami[1976 (27)] 


P700-enriched 

fragments 


AA and var. 
fluorescence 


=400 


Shuvalov e/ a/. [1976 (28)] 


DT-175 


AA and AF 


493 


Evans e/ a/. [1977 (29)] 


PS-I panicles 


EPR 


375 


Dismukes etal. [1978 (30)] 


brk spinach chipst 


EPR 


500-525 


Malkin [1978 (31)] 


spinach chipst 


AA(518nm) 


385 


Setif and Mathis [1980 (20)] 


Chipst lamellae, D144, TSF-I 


AA 


492 


CP-1 (tobacco) 


AA 


427 



In contrast, when the CPI complex was titrated both oxidatively and reductively and monitored at both 
820 and 703 nm, the data points also fell on a theoretical Nemst curve for a one-electron transition, but the 
results yielded a lower value of-i427 mV, 65 mV less positive than that of the chloroplast lamellae or 
TSF-I particles. These results indicate that chloroplast particles obtained by harsher detergent treatment or 
samples that have been altered through aging, for example, would result in a lower redox potential. This 
finding probably can explain many (although perhaps not all) of the discrepancies in the redox-potential 
values reported by various groups over a period of forty years. 



V. Effect of Protein Environment on P700 Properties 

32 

It was noted by Fish, Kiick and Bogorad that PsaA and PsaB consist of a number of conserved 
histidines that could serve as potential ligands for the chlorophyll molecules of P700. As seen in Chapter 
2, this has been found to be the case for the primary electron donor in photosynthetic bacteria where X-ray 
crystallography has shown that they are coordinated with histidines from the L- and M-subunits. X-ray 
crystallography for PS-I reaction-center crystals does not yet provide sufficiently precise information to 
determine the nature of coordination ofP700. Histidine-656 in helix-X of PsaB in C. reinhardtii, for 
instance, has been proposed as one such candidate for coordinating P700. This appears to have gained 
additional support, as suggested recently by Fromme, Schubert and KrauB , based on the three-dimen- 
sional structure of the PS-I reaction center and the proximity of various helices relative to the P700 dimer 
determined by X-ray crystallography. Fig. 10 (A) is a graphic representation ofhistidine-656 in the PsaB 
subunit of C. reinhardtii and its proposed coordination to P700. To study this possibility further, Webber, 
Su, Bingham, KaB, Krabben, Kuhn, Jordan, Schlodder and Lubitz^"^ used site-directed mutagenesis to 
examine the effect of replacing histidine-656 by other amino-acid residues on the spectral and redox 
properties ofP700. 

These mutagenesis experiments were designed to replace histidine-656 by either serine or asparagine in 
PsaB, i.e., PsaB:His-656->Seror ->Asn, with the intent of providing an alternative N- or 0-coordinating 
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site for the central Mg atom of P700, but without causing significant structural changes in the protein 
environment. The mutant thylakoids appear to have essentially the same photosystem I composition as the 
wild-type cells as determined from polypeptide analysis. However, when the redox potential of P700 was 
measured for the wild-type and mutant [either His-656->Ser or ->Asnl thylakoids by flash-induced absor- 
bance changes at 826 nm as a function of ambient potential, significantly different redox potentials for 
P700 were found. As shown in Fig. 10 (B), the wild-type thylakoids have a fairly typical midpoint poten- 
tial of 447 mV and the titration curve conforms to the Nernst equation for n= 1 . The corresponding titration 
curves for the His-656-»Ser and His-656->Asn mutants clearly indicate amarked influence of change of 
coordination on the redox properties of P700. Although the titration curves for the mutant thylakoids 
conform more closely to a Nernst equation with n=0.8 than with n= 1 , more significantly they displayed 
midpoint potentials about 40 mV more positive than that of the wild- type thylakoids, namely 487 mV. The 
titration curves for the mutants also displayed some noticeable variation from sample to sample. 

Site-directed mutagenesis of His-656 to either serine or asparagine also resulted in an alteration of the 
spectral properties of P700, as seen in Fig. 10 (C). The difference spectrum for P700 photooxidation for 
the wild-type preparation agrees with that obtained for a typical PS-I preparation, with maximum bleach- 
ing at 696 nm, as usually found for Chlamydomonas reinhardtii thylakoids. For comparison purposes, the 
area of the difference spectrum measured with the His-656-^Asn mutant thylakoids was normalized to 
that ofthe wild-type preparation between 650 and 720 nm. The wavelength of maximum bleaching in the 
mutant showed a blue shift of 2-3 nm in the low-temperature difference spectrum. Much larger differences, 
however, were seen in the 650-675 nm region where both the mutant difference spectra showed a promi- 




Fig. 10. (A) Schematic representation of P700 coordination to histidine-656 in helix-X of PsaB; H656->S and H656^N represent serine 
and asparagine mutants, respectively, (B) Redox titration of the wild-type and His-656->Ser and His-656->Asn mutant thylakoids 
monitored by flash-induced absorbance changes due to P700 photooxidation at 826 nm; (C) light-minus-dark difference spectra for the 
wild-type and His-ese-J'Asn mutant in the red-band region. Figure source:(B) and (C) Webber, Su, Bingham, Kail, Krabben, Kuhn, 
Jordan, Schlodder and Lubitz (1996) Site-directed mutations affecting the spectroscopic characteristics and midpoint potential of the 
primary donor in photosystem I . Biochemistry 35; 12859, 12860. 
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nent bleaching at 667 nm. This discrepancy between the P700 difference spectramay be attributable to an 
altered excitonic interaction between the chlorophyll molecules in the P700 dimer due to changes in the 
geometry ofthe dimer as aresult ofmutation. In addition, the hyperfine constants measured by ENDOR 
spectroscopy that can be assigned to certain methyl groups in P700 were distinctly different in the mutants 
than in wild-type preparations, again indicating a perturbation of the P700 environment as a result of 
mutation. It is of interest to recall that changes in redox properties and absorption spectra have also been 
observed for the primary electron donor of photosynthetic bacteria when a certain, known coordinating 
histidine ligand was replaced. 

Even though substitution of histidine-656 by serine or asparagine has been shown to affect the proper- 
ties ofthe primary donor P700, it is not expected to affect the spectral properties of pigment molecules in 
the mutant PS-I core antenna. Indeed, when Melkozernov, Su, Lin, Bingham, Webber and Blankenship^^ 
investigated the wild-type and mutant preparations by time -resolved absorption and fluorescence spectros- 
copy, they found very similar transient absorption spectra measured 4/75 after the actinic flash, implying 
similar initial excitation dynamics in both preparations. However, the decay-associated spectra (DAS, see 
chapter 32) ofthe dominant exponential components obtained by global analysis ofthe absorption-spec- 
tral data for the wild-type and mutant preparations yielded spectra of similar shape but different lifetimes, 
with average values of29±9 ps and 65±15 ps, respectively. The similar spectral profiles suggest that both 
wild-type and mutant core antenna have a similar distribution of antenna pigment molecules and that 
replacement ofHis-656 by asparagine (or serine) near the primary donor P700 apparently appears to have 
no effect on the structure of the core antenna. The different lifetimes of the DAS indicate that the lifetime 
ofthe energy trapping process in the mutant PS-I core antenna is increased by a factor of two over the wild 
type. The different lifetimes, but similar shapes, ofthe DAS ofthe two types of preparations suggest that 
the trapping time in mutant PS-I antenna is governed by the primary charge-separation kinetics involving 
the primary-donor molecule P700, as altered by mutation, as described by the “trap-limited” model of 
excitation dynamics ofPearlstein^®. The decreased rate of primary charge separation may be attributable 
to the shift in redox potential ofP700 in the PS-I core ofthe mutant [PsaB;His-656— >Asn]. Melkozernov 
et al?^ estimated the primary charge-separation time in wild-type and mutant PS-I cores to be 1.5 and 3.5 
ps, respectively. 

Time-resolved absorption-change measurements also displayed the additional bleaching at 670 nm in 
mutants [see Pig. 10 (C)], similar to that seen earlier in the spectrum for P700 photooxidation obtained by 
flash spectroscopy at fjs resolution. In addition to the earlier suggestion that the 670-nm band is possibly 
a high-energy exciton component ofP700, Melkozernov et al?^ proposed that, since 670-nm is the loca- 
tion for the Qy transition for a Chl-a monomer, the 670-nm bleaching may have resulted from an 
electrochromic shift ofthe absorption band of neighboring Chl-a monomers absorbing near 670 nm. They 
further suggested that the two Chl-a molecules (the “CN-Chl-a”) newly located by KrauB, Schubert, Klukas, 
Promme, Witt and Saenger^^’^^ by X-ray diffraction analysis at 4 A resolution could be candidates, as they 
are very close to the P700 dimer (cf. discussion in chapter 27). 

Melkozernov et al?^ also measured the difference spectra for the reduction of the primary electron 
acceptor Aq, i.e., AA[Ao“-Aq] in the wild-type and mutant PS-I cores placed under highly reducing condi- 
tions to maintain the secondary acceptors in a chemically reduced state, and found them to be identical, 
indicating that the primary electron acceptor Aq is not affected by PsaB;His-656-> Asn mutation. 
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For further reading 

R1. W-D Schubert, 0 Klukas, N Krau ,W Saenger, P Frommeand HT Witt (1997) Photosystem I of Synechococcus 
elongatus at 4 ~ resolution : Comprehensive structure analysis. J Mol Biol 272: 741-769 
R2. JH Golbeck and DA Bryant (1991) Photosystem I. In: DR Sanadi (ed) Curr Topics in Bioenergetics 16: 83-115. 
Acad Press 

R3. P Mathis and AW Rutherford (1 987) The primary reactions of photosystems I and II of algae and higher plants. 
In: Amesz (ed) Photosynthesis, pp 63-96. Elsevier 
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Note added (on January 10, 2001) to Section II - Chemical identity of P700: 

A note was received recently from Prof. Tadashi Watanabe of Tokyo University informing me that 
their most recent results show the ratio of Chi a7P700 is, again, 1 (see pages 466 to 469). 

The Chi o'/P700 ratio has taken the zigzag (2/1/2/1) path over the past fifteen years. I understand that 
a series of reports are being put out by these workers to detail the experimental results for this new 
development. Based on the new results, P700 may be considered as a heterodimer consisting of one Chi 
a' and one Chi a molecule each, although, admittedly, definitive evidence for the heterodimer structure 
remains to be established. 
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Figure 1 . Model of the PS-I reaction center with the PsaC [FeS-A/FeS-B] subunit shown enlarged. 
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In this chapter, we will discuss two membrane-bound, iron- sulfur proteins present in photosystem I of 
higher plants, algae and cyanobacteria. The two iron- sulfur clusters are part of the 9-kDa extrinsic pro- 
tein encoded by thepsaC gene and function as secondary electron acceptors in photosystem I. The PsaC 
subunit is bound to the intrinsic core subunits PsaA and PsaB through electrostatic attraction, as shown 
in Fig. 1 . The two iron-sulfur proteins are designated as FeS-A and FeS-B in this book; although they are 
commonly designated by the more abbreviated forms, and Fu, in the current literature. 



I. Discovery of the Membrane-Bound Iron-Sulfur Proteins FeS-A and FeS-B and their 
EPR Properties 

The membrane-bound iron-sulfur centers were discovered by Dick Malkin and Alan Bearden' in 1971 
in spinach chloroplasts using EPR spectroscopy. Since the EPR spectrum was found to resemble that of 
the iron-sulfur protein ferredoxin and since the soluble ferredoxin had already been removed from the 
chloroplast sample used in the measurement, the substance represented by the newly found EPR spec- 
trum was initially called “membrane -bound ferredoxin.” And since the iron-sulfur center was also found 
to be photo-reducible at cryogenic temperature, it was therefore suggested that it was the “primary” 
electron acceptor of photosystem I. 

Figure 2 shows the EPR spectrum measured at 13 K with dark-adapted, TSF-I subchloroplast particles 
(with ascorbate present) after being frozen in the dark (the top spectrum) and then again while being 
illuminated at 13 K (the bottom spectrum). Illumination at the cryogenic temperature resulted predomi- 
nantly in the reduction of the membrane-bound, iron-sulfur protein FeS-A which has an EPR spectrum 
with major features at g-values of 2.05, 1.94 and 1.86 and a minor feature at 1.92. When FeS-B is 
reduced chemically [cf. Figs. 3 and 4 below], the peak at g=1.86 line shifts to 1.89 and the 1.92 line 
grows larger, thus resulting in an EPR spectrum with g-values at 2.05, 1.94, 1.92, 1.89 and 1.86. This 
behavior resembles that previously observed in bacterial ferredoxins containing two [4Fe»4S] clusters 
and provides the first clue that [FeS-A/FeS-B] might also consist of two [4Fe»4S] clusters. 





I U 



g= 2.05 1.94 1.92 1.89 1.86 



Fig. 2. EPR spectra (measured at 13 K) of the subchloroplast particle TSF-I dark-adapted and frozen in the dark (top spectrum) 
and the same sample subsequently illuminated at 13 K. Unpubiished resuits of B Ke and H Beinert (1972). 
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Since it was proposed that the newly found iron-sulfur protein, FeS-A, might be the primary electron 
acceptor of photosystem I, it would be expected to have a 1:1 stoichiometric relationship with the pri- 
mary electron donor, P700. A linear correlation between the EPR-signal amplitude with the P700 con- 
centration was confirmed in a number of chloroplasts and subchloroplast particles from green plants and 
algae, as shown in Fig. 3. All samples were fully reduced chemically by dithionite in the presence of a 
trace amount ofmethyl viologen. The EPR spectra A, B and C show the fully reduced FeS-A and FeS-B. 

Spectrum D in Fig. 3, left was produced with chloroplasts prepared from mutant No. 8 of Scenedesmus 
obliquus. Since this mutant is known to be deficient in P700, neither the free -radical signal of P700^ nor 
the EPR signals of chloroplast-bound iron-sulfur proteins were observed. Instead, resonance lines 
appear at g = 2.05, 2.02, 1.94 and 1.92 and resemble those observed for the reduced iron-sulfur centers of 
NADH dehydrogenase. Spectrum E in Fig. 3, left was from the PS-II particle TSF-IIa; it is not ascribable 
to an iron-sulfur protein, only possibly to manganese, plus a large signal due to an unknown free radical. 

Figure 3, right is a plot of the amplitude of the resonance line atg=2.05 v^. the P700 concentration 
determined separately by light-minus-dark optical absorbance-difference spectra for a number of samples 
(See Fig. 3 legend). Note that Bearden and Malkin^ also reported a stoichiometric relationship between 
P700 and FeS-A from a quantitative EPR study of chloroplasts and digitonin-fractionated PS-I particles 
and showed that the spin concentrations of photooxidized P700^ and photoreduced iron-sulfur protein 
with g-values 2.05, 1.94 and 1.86 were nearly the same within experimental error. 




rJ rJ ^1 I U 

p-2.05 2.00 1.94 1.92 1.89 1.86 




[P700], ^iM 



Fig. 3. Left: EPR spectra of membrane-bound iron-sulfur proteins reduced by dithionite and methyl viologen. HP700 particles from 
spinach (A), soybean (B) and Anabaena chloroplasts (C). Spectra D and E are for chloroplasts prepared from mutant No. 8 of 
Scenedesmus obliquus and for TSF-IIa particles, respectively. Right: plot of the EPR-signal amplitude at gp2.05 due to reduced 
iron-sulfur-protein vs. the P700 concentration in chloroplast and subchloroplast samples from various sources (1, unfractionated 
chloroplasts: 2, D144 particles; 3, TSF-1 particles; 4, D144 from stroma; 5, D144 from grana; 6, HP700 particles; 7. HP700 
particles from soybean; 8, chloroplasts from Anabaena; 9, chloroplasts from mutant No. 8 of Scenedesmus obliquus-, and 10, 
TSF-2a particles. Unpublished results of B Ke and H Beinert (1973). 
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II. Redox Potential of the Membrane-Bound Iron-Sulfur Proteins FeS-A and FeS-B 

As the membrane-bound, iron-sulfur proteins were proposed to be the primary electron acceptor of 
photosystem I, knowledge of the values of their redox-potential would be essential for understanding 
their role as electron acceptors. Ke, Hansen and Beinert^ carried out a redox titration of the EPR signals 
ofFeS-A and FeS-B with TSF-I particles using dithionite as the reductant plus appropriate redox media- 
tors, including a number of low -potential viologens. Addition of sufficient dithionite and methyl violo- 
gen to the sample in the dark results in a maximum titration and produces the maximum signal from 
reduced iron-sulfur proteins. The entire titration was carried out under very dim green light to avoid any 
photochemical effects of the ambient light on the samples. As the redox potential can be extended into a 
more negative range by using a higher pH in the suspending medium, titrations were carried out both at 
pH 9 and pH 10. It was found that an alkaline pH as high as 11 had little influence on the amplitude or 
kinetics of light-induced, P700 photooxidation at room temperature. 

The development of EPR spectra of reduced iron-sulfur proteins during the course of a reductive 
titration is shown in Fig. 4 (A). An EPR spectrum characteristic ofFeS-A, with lines atg-values of 2.05, 
1.94 and 1.86, began to emerge at — 500 mV. The large free-radical signal was mostly due to the 
dipyridyl radical formed by the viologen mediators. At a lower potential, -532 mV for instance, all three 
resonance lines have increased significantly in amplitude. At ~ -562 mV, two new lines atg=l .92 and 
1.89 were seen. Below -560 mV, the lines at g=2.05, 1.92 and 1.89 continued to increase while the 
g=1.94 line changed very little and the g=1.86 line began to decrease. As seen from the last EPR spec- 
trum in Fig. 4 (A) measured at the most negative potential, the amplitudes atg=2.05, 1.92 and 1.89 had 
reached their maximum value while that at g=1.86 was at its minimum value. 

Changes in the amplitude of various resonance lines in the EPR spectra during the course of titration at 
pH 10 are plotted as a function of the redox potential in the left panel of Fig. 4 (B). Three sets of changes 
in amplitudes are apparent: one responsible for the signal g=1.94 and part of the g=2.05 signal; one for 
g= 1.89 signal and the remainder of the 2.05 signal; and a third for the signal at g= 1.86, which is unique 
in showing both a rising and a falling phase. The midpoint potentials of the iron-sulfur proteins fall into 
two regions: the g=1.94 signal, the first segment ofg=2.05 plot, and the rising phase ofthe g=1.86 signal 
had a value of -530 mV; the remaining part ofthe g=2.05 plot, the falling phase at g=1.86, and the g=1.89 
(and 1.92) profiles had a midpoint potential estimated to be ~ -580 mV. The oxidation-reduction reaction 
of each ofthe bound iron-sulfur proteins, asjudged from the EPR-spectrum changes, was reversible. The 
slopes ofthe plots, however, did not strictly conform to a one-electron change. 

These results were subsequently confirmed by Evans and coworkers"^’^. Because of the similarity in 
dependence on potential for the appearance and disappearance ofthe g=1.86 signal to the signals at the 
other g-values, Evans et al.'^ suggested that the g=1.86 line belongs to component FeS-A, as either broad- 
ens or shifts to the g=1.89 line ofFeS-B upon further reduction so that the two become inseparable. Such 
a shift would imply an interaction between the two iron-sulfur centers. On the assumption that the two 
centers undergo independent, one-electron changes, the midpoint potentials of FeS-A and FeS-B were 
estimated by curve fitting technique to be -553 and -594 (±20) mV, respectively. The cooperation be- 
tween the two iron-sulfur centers suggested by Evans et presumably could also account for the 
apparent deviation from a one-electron change shown in the plots of Fig. 4 (B). 

At pH 9, the titration was limited to ~ -565 mV, as shown in the right panel of Fig. 4 (B), and essen- 
tially only the first half ofthe titration profile that was observed at pH 10 was obtainable. At any given 
potential more positive than -560 mV, that portion ofthe iron-sulfur proteins that was not titrated {i.e., 
not chemically reduced) could be reduced photochemically, but apparently only to the extent of further 
reducing FeS-A [see Fig. 4 (B) right panel]. Note that the g=1.89 line belonging to FeS-B was unaffected 
by illumination. These observations suggest that FeS-A, with its more positive redox potential, is the 
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Fig. 4. (A) EPR spectra at 13 K of TSF-( subchloroplast particles at different stages of a reductive titration; (B) Plot of EPR-signal 
amplitudes of four prominent lines for redox titrations at pHs 10 and 9. Open circles in the right panel represent the total signal 
amplitude generated by a combination of chemical reduction at room temperature and subsequent illumination at 77 K. Figure 
source: Ke, Hansen and Beinert (1973) Oxidation-reduction potentials of bound iron-sulfur proteins of photosystem I. Proc Nat 
Acad Sci, USA 70: 2042, 2043. 

photochemically active terminal acceptor in electron-transfer chain of the photosystem-I reaction center 
at cryogenic temperatures. 

As described above, chloroplasts dark-adapted under a mild reducing condition and then illuminated 
at a cryogenic temperature developed predominantly an EPR signal ofFeS-A, a result comparable to that 
accomplished by titrating to ~ -560 mV. Addition of dithionite alone in the dark under anaerobic condi- 
tions also brought about the reduction ofjust FeS-A. Chloroplasts illuminated at room temperature and 
then frozen while still under illumination developed an EPR signal similar to that produced by maximum 
chemical reduction (at-6 1 0 mV). Dithionite-treated samples subjected to illumination at room tempera- 
ture also produced the EPR signal achieved at the most negative potential. The EPR signal produced by 
chemical reduction showed no detectable decay for at least three days when the sample was stored in the 
dark at 77 K. 



III. Structure and Properties of FeS-A/FeS-B (PsaC) 

In an attempt to characterize the membrane -bound iron-sulfur proteins, Malkin, Aparicio and Arnon^ 
isolated the iron- sulfur protein by acetone extraction of chloroplasts which had previously been freed of 
soluble ferredoxin. They estimated the molecular mass of the protein to be ~8 kDa. They also found that 
its absorption spectrum displayed no characteristic features. The EPR spectrum of the isolated protein 
was, however, quite different from that of the protein in the native, membrane-bound state. 

III.A. Chemical Characterization 

Cammack and Evans^ used another approach to investigate the FeS-A and FeS-B iron-sulfur proteins. 
They used guanidine. HCl in dimethylsulfoxide (DMSO) to reversibly unfold the polypeptide chain and 
at the same time maintain the iron- sulfur clusters intact. Their treatment of a PS -I subchloroplast particle 
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with guanidine/DMSO gave an EPR spectrum very similar to that obtained with the bacterial ferredoxin 
from Clostridium pasteurianum which is known to contain [4Fe»4S] clusters. Earlier work had shown 
that a [4Ee»4S] cluster gives rise to an axial or near axial signal which can be detected only below 35 K 
on account of electron spin relaxation effects, whereas a [2Ee»2S] cluster gives rise to an isotropic signal 
which is readily detected at temperatures up to 150 K. Evans and Cammack found the EPR signal of the 
guanidine-HCl treated chloroplasts was only detected below 35 K, and detected no signals characteristic 
of [2Fe»2S] clusters at 77 K. 

In 1975, Nelson, Bengis, Silver, Getz andEvans^ reported that a digitonin-fractionated PS-I subchloro- 
plast particle after treatment with 0.5% sodium dodecyl sulfate (SDS) completely lost its NADP'^-reduc- 
tion activity and was devoid of any bound iron-sulfur proteins. P700 photooxidation in the presence of 
phenazine methylsulfate, however, was unaffected by the SDS treatment. In a comparative study, Malkin, 
Bearden, Hunter, Alberte and Thornber^ found that the properties of a “P700-Chl a-protein complex” 
isolated from Phormidium luridum with SDS or Triton depended on the detergent used. A Triton-ex- 
tracted complex remained photochemically active at 15 K, as evidenced by the formation of oxidized 
P700^ and reduced iron-sulfur proteins. On the other hand, no evidence of photochemical activity was 
found in an SDS-extracted complex at 15 K, nor could EPR signals attributable to reduced iron-sulfur 
proteins even be detected when the sample was chemically reduced with dithionite and methyl viologen. 
These results indicate that the membrane-bound iron-sulfur proteins were removed when the subchloroplast 
complex was exposed to SDS but not exposed to Triton. 

Work on the isolation and characterization of the membrane -bound FeS-A/B protein was renewed 
more than twenty years later by Oh-oka, Takahashi, Kuriyama, Saeki and Matsubara*° using n-butanol 
in the isolation procedure and by Wynn and Malkin*^ using acetone. Both groups found partially de- 
graded FeS-clusters, as indicated by the FeS composition, Oh-oka et al}^ finding 4.1Fe -i- 3.2S and 
Wynn and Malkin^*7.9 Fe -i- 6.4 S. Later, Oh-oka et al}^ used acetone for protein isolation and carried 
out extended spectroscopic measurements. It was found that only when strictly anaerobic conditions 
were maintained during the isolation and purification process could the “native” protein be isolated with 
intact [4Fe»4S] clusters, conforming strictly to the (8Fe-t-8S) stoichiometry". 

The absorption spectrum of this newly isolated, “native" protein, shown in Fig. 5, closely resembles 
that of a bacterial ferredoxin, with a broad band centered near -390 nm, a shoulder at 320 nm and a 
protein absorption band at 280 nm. Addition of dithionite caused a decrease in absorbance throughout 
the visible region, as expected for an iron-sulfur protein. The isolated protein was found to contain 8.5 
Fe-i-8.0 S, strongly suggesting the presence of two [4Fe»4S] clusters per protein molecule. Its molar 
extinction coefficient at 390 nm was estimated to be 32 mM"''cm'', almost identical to that ofthe (8Fe-i-8S)- 
type bacterial ferredoxins. The 430-nm maximum in the reduced-minus-oxidized difference spectrum 
derived from Fig. 5 yielded a differential molar extinction coefficient of 19.7 mM^'-cm*'. Drastic changes 
in absorption spectrum occurred rapidly, however, upon exposure ofthe sample to air, indicating severe 
degradation ofthe protein and reflecting the need for anaerobic condition during isolation. 

The protein as isolated showed no EPR signal but after reduction by dithionite showed a complex 
signal similar to that of reduced bacterial ferredoxins containing two [4Fe»4S] clusters. The EPR spec- 
trum differed somewhat from that of the bound protein in situ, presumably reflecting some change in 
protein conformation during the isolation process. In conjunction with EPR measurements, a redox 
titration was carried out with the isolated protein at pH 10. EPR spectra of samples titrated to -495 and 
-599 mV and measured at both 10 and 38 K, are shown in Fig. 6 (A). The redox-titration plot from EPR 
spectra measured at 10 K is shown in Fig. 6 (B). The plot could be fitted to a superposition of two 
theoretical, one-electron Nernst curves indicating two FeS-clusters with values at -470 and -560 mV. 
If these values are assigned to the FeS-A and FeS-B centers, respectively, they are each somewhat more 
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positive than the corresponding in situ values. Since the redox potential values of the isolated proteins 
are not drastically different from those in the native bound states, the characteristically low potentials 
may be attributed to the protein structure itself rather than any influence resulting from binding to the 
membrane. 




Fig. 5. Absorption spectrum of the isolated “native" FeS-A/FeS-B 
protein in the oxidized state (solid curve) and in the reduced state 
by addition of dithionite (dashed curve). Figure source: Oh-oka, 
Itoh, Saeki, Takahashi and Matsubara (1991) F^/Fg protein from 
spinach photosystem I complex: Isolation in a native state and 
some properties of the iron-sulfur clusters. Plant Cell Physiol 32: 
13. 



When the EPR spectra of the titrated proteins were measured at 38 K, rhombic spectra apparently 
representing only a single FeS-cluster were obtained, as shown in Fig. 6 (A-right). The higher-tempera- 
ture EPR spectrum suggests that the signal from one of the two clusters disappears at elevated tempera- 
tures as a result of rapid spin-lattice relaxation. This interpretation appears to agree with the fact that the 
redox-titration plot can be fitted with just a single, one-electron Nernst curve with a midpoint potential 
of ^90 mV [see the lower plot in Fig. 6 (B)]. 




(B) 




Fig. 6. (A) EPR spectra of isolated "native” FeS-A/FeS-B protein titrated to -495 and -599 mV, and measured at 1 0 K (left column) 
and 38 K (right column); (B) redox-titration plot of the EPR-sIgnal intensity at g=1.91 measured at 10 K (open circles) and 38 K 
(solid dots). Figure source: Oh-oka, Itoh, Saeki, Takahashi and Matsubara (1991) FVFa protein from spinach photosystem I 
complex: Isolation in a native state and some properties of the iron-sulfur clusters. Plant Cell Physiol 32: 14, 15. 



III.B. Biochemical Characterization 

The chemical characterizations described above revealed two features related to the membrane-bound 
iron-sulfur proteins, namely, that the prosthetic group is most likely a [4Fe*4S] cluster and that the 
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protein is an extrinsic one bound to the photosystem-I reaction-center core but removable by treatment 
with the detergent SDS. More specific structural information, however, can be obtained by supplemen- 
tary biochemical examinations. 



III.B. 1. Polypeptide Sequence 

Toward the late 1980s, nearly twenty years after the initial discovery of the membrane -bound iron- 
sulfur proteins in chloroplasts, the polypeptide composition of these proteins came under active investi- 
gation at several laboratories. In 1987, H0j, Svendsen, Scheller and Mpller^^ found a 9-kDa polypeptide 
containing ~2/3 of the zero-valence sulfur present in the denatured PS-I complex of barley. Since the 
zero-valence sulfur could have originated from oxidative denaturation of the iron-sulfur proteins, the 
authors determined the amino-acid sequence of the 9-kDa polypeptide and found that it was encoded by 
a chloroplast gene, designated psaC. The PsaC polypeptide has been isolated and its amino-acid se- 
quence determined either directly or deduced indirectly from the nucleotide sequence of the chloroplast 
encoded gene, for a number of plants, algae and cyanobacteria, including spinach*'’ ’*, barley*^, 
wheat and pea*"*, rice’^, maize*^, tobacco*^, and Synechococcus vulcanus^^. These amino-acid sequences 
for PsaC are presented in Fig. 7. Note that, except for Synechococcus, the initiator methionine residue 
has been proteolytic ally removed from the protein. (The residue sequence numbering includes methion- 
ine, even if absent). 
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RA 3 PTDVLEM I PWGGCKAKQ I ASAPRTED 3 i/G 3 <R 
RA^LDVLEMVPWDGCKAGQ I ASSPRTEDqVGpKR 



^ (B) g ^ ^ 4 : 4 4 
saEPtdflsvrvylwhettrsmglgy 
SA 3 PTDF LSVRVYLGPETTRSMALSY 
SA3=>TDFLSVRVYLGPETTRSMALSY 
SA3=TDFLSVRVYLWHETTRSMGLAY 
SA 3 =>TDF LSVRVYLWHETTRSMGLAY 
SaI^TDFLS I RVYLGAETTRSMGLAY 



r MHV I SDe£VkS3a£ASTEPTGA I EEGET KYVVTDSgl DQSA^AVepTGA I SAE 

r AYV I NDS0I ASGAEKP^VN IQQGGS I YA I DADSOl DQSSEASvS’VGAPNPED 

L Peptococcus aerogenes 
- Peptostreptococcus elsdenii 



Fig. 7. Amino-acid sequence alignment for PsaC [FeS-A/FeS-B] in maize, barley, wheat, rice, spinach, Synechococcus sp. PCC 
7002, pea and tobacco and, for comparison purposes, Peptococcus aerogenes and Peptostreptococcus elsdenii. See text for 
discussion and data sources. 

PsaC is a hydrophilic, acidic (pl~5.6) protein containing 81 amino acids and a molecular mass of 8.9 
kDa. The amino-acid sequences for PsaC of spinach, barley, wheat, rice, maize, tobacco, pea and the 
cyanobacterium Synechococcus sp. PCC 7002 in Fig. 7 show PsaC to be a highly conserved protein, with 
only a few amino-acid replacements, as marked by ‘V” signs above the sequences. PsaC contains 9 
conserved cysteine residues (shown in rectangular enclosures). This pattern for the cysteine residues in 
PsaC is very similar to that ofbacterial ferredoxins, as shown by the amino-acid sequence of the ferre- 
doxins from Pseudomonas aerogenes and Peptostreptococcus elsdenii at the bottom of the figure, placed 
in alignment with the PsaC sequences. In bacterial ferredoxins, eight cysteine residues are arranged in 
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two distinct CxxCxxCxxxCP binding motifs each of which has been shown to coordinate one of the two 
[4Fe»4S] clusters (see residues 1 1-21 and 48-58 in Fig. 7). Consequently, similar coordination model has 
been inferred for the [4Fe»4S] clusters in FeS-A and FeS-B. 



III.B.2. Characterization of the [4Fe*4S] duster Structure by Site-Directed Mutagenesis 

A more conclusive assignment of the cysteine residues to the two [4Fe»4S] clusters has been deduced 
from site-directed mutagenesis by converting selected cysteine residues in the PsaC subunit. Zhao, Li, 
Warren, Bryant and Golbeck^^ isolated the PsaC protein by treating the PS-I reaction-center complex of 
Synechocystis sp. PCC 6301 with chaotropic agents and then replaced cysteines-14 or -51 by aspartate 
(refer to Fig. 7) to yield the PsaC:Cys- 14-> Asp or Cys-51 -> Asp mutant proteins. The mutant PsaC was 
then incubated with FeCl 3 , NajSand P-mercaptoethanol to re-form the bound [4Fe»4S] clusters. The 
purified mutant-PsaC protein was then reconstituted with the PS-I core protein, i.e. [P700'Ao‘Ai'FeS-X], 
and with the PsaD and PsaE proteins, yielding the reconstituted complex {[P700-Ao’ApFeS-X]-FeS-A/ 
B-PsaDPsaE}. All three proteins, PsaC, PsaD and PsaE, were bound on the stromal side of the mem- 
brane in vivo. PsaD and PsaE are both nuclear encoded in eukaryotes, with molecular masses of 17.9 and 
9.7 kDa, respectively. PsaD is considered to have a role in docking soluble ferredoxin and also in stabi- 
lizing the binding of PsaC to the PsaA/PsaB dimer core, while PsaE is known to orient PsaC with respect 
to the PS-I reaction-center core and thus stabilize the interaction between them. These roles are in accord 
with evidence that both PsaD and PsaE facilitate electron transfer from PsaC to ferredoxin. 

The PS-I core protein and its reconstitution with the PsaC subunit will also be discussed in more detail 
in Chapter 31 in connection with another PS-I iron-sulfur cluster, FeS-X. As we will see, the forward 
electron transfer from FeS-X to [FeS-A/FeS-B] can be very efficient in the reconstituted complex. It 
suffices to say that the PS-I core protein is utilized here as a natural reducing vehicle to carry out photo- 
chemical reduction of the secondary electron acceptors FeS-A and FeS-B so they may be characterized 
by EPR spectroscopy. The premise of the mutation approach was that replacement of a given cysteine 
might cause an alteration of a specific [4Fe»4S] cluster and thus lead to some interference in the func- 
tioning of that iron- sulfur cluster. 

The possible effects of specific cysteine replacement was monitored by EPR spectroscopy, as shown 
in Fig. 8 (A), where panels (a) and (b) show the EPR spectra of the dark-adapted and illuminated states, 
respectively, of the reconstituted complex containing the mutant, PsaC;Cys- 1 4— > Asp protein. The pro- 
tocol for the preparation of the sample is described at the top of the figure. The reconstituted complex 
{[P700-Ao’A|'FeS-X]-FeS-A/B-PsaD'PsaE} where the secondary electron acceptors were present in the 
oxidized state was prepared by freezing the sample in the dark. The EPR spectrum was then measured 
[spectmm (a)] and once again for the same sample under illumination [spectmm (b)], both at 15 K. 

The EPR spectrum of the dark-frozen, PsaC:Cys-14— >Asp sample shows a very weak low-field line at 
g=2.110, a strong line at g=2.091, plus some sharp lines at g=2.027 and 1.999 [spectrum (A, a)]. These 
lines remained about the same under illumination. However, illumination at 15 K produced new reso- 
nance peaks at g=2.043, 1.939 and 1.853 [spectrum (A, b)]. The effect caused by illumination may be 
seen in the difference spectrum seen in (A, c) and in the spectrum in (A, d), in which the reduced iron- 
sulfur centers were photoaccumulated while the sample was being frozen. The difference spectrum 
(A, c) shows stronger signals at g=2.043, 1.939 and 1.853. The peaks at g=2.043 and 1.853 are known to 
be characteristic of the iron-sulfur protein, FeS-A. By comparing the signal amplitudes in spectra (A, c) 
and (A, d), which represents the photoaccumulated spectrum, it was estimated that -73% of the FeS-A 
cluster had been reduced by illumination at 15 K. Even though the nature of the altered iron-sulfur 
cluster was as yet unknown, it was concluded that PsaC:Cys-l 4— > Asp mutation resulted in targeting the 
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iron-sulfur cluster in FeS-B, since only the FeS-A had apparently remained intact, as judged by the 
ability to reproduce its characteristic EPR signal in the mutant sample. It is of interest to note that FeS- 
A can apparently be reduced photochemically in the absence of an intact FeS-B cluster. We will return to 
this topic below. 

In Fig. 8 (B), EPR spectrum (a) for the dark-frozen sample ofthe reconstituted complex containing the 
mutant PsaC:Cys-51->Asp protein was typical ofthat for a [3Ee»4S] cluster. In spectrum (B, b) for the 
illuminated sample, the g=2.020 line remained about the same, indicating that the [3Ee»4S] cluster did 
not undergo photoreduction. However, weak new lines atg=2.063, 1.930 and 1.875 can be seen in the 
difference spectrum in (B, c), suggesting photoreduction of a [4Ee»4S] cluster other than EeS-A, possi- 
bly EeS-B. The difference between the illuminated and dark-frozen samples, shown in panel (B, c), 
spectrum (c), indicates that replacing cysteine-51 by aspartate affected EeS-A while EeS-B apparently 
remained intact. When the reduced iron-sulfur proteins of the reconstituted complex of the aspartate 
mutant, {[P700-AoA,-FeS-X]FeS-A/BPsaDPsaE} , were photoaccumulated, i.e. , while the sample was 
illuminated as it was being frozen, the resulting EPR spectrum (B, d) showed full reduction ofPeS-B. 
Comparing spectra (B, d) and (B, c), apparently only -12% ofPeS-B had been photoreduced at 15 K. 

The EPR results for the PsaC;Cysl4->Asp and PsaC:Cys-5 1 ->Asp mutant proteins reconstituted with 
the PS-I core complex, combined with knowledge available on cysteine coordination patterns in bacte- 
rial ferredoxins containing two [4Ee»4S] clusters, as discussed below, permitted Zhao et al}'^ to con- 
clude that cysteine coordination to the two iron-sulfur centers in PsaC assumes the same pattern as in 
bacterial ferredoxin. 



(A) : 

(B) : 



PS-1 core 



+PsaC:C14-»D 

r, rv +PsaD + PsaE, then frozen in the dark 

+PsaC:C5WD 



(A) 



(B) 










3000 3200 3400 3600 3600 G 



Fig. a. EPR assay for the reconstituted complex {[P700 Ao A, FeS-X] FeS-A/B PsaD PsaE} containing either the PsaC: 
Cys-14^Asp (A) or the PsaC;Cys-51 ->Asp mutant protein (B). The experimental protocol is described at the top of the figure; all 
spectra were measured at 1 5 K. Spectra (a) are for dark-frozen samples and (b) for the same sample under illumination at1 5 K. 
Spectra (c) are the light-minus-dark difference spectra, i.e., (b)-(a), presented at an additional gain of 3.65X. Spectra (d) are for 
the photoaccumulated samples in the presence of SjO*" (spectrum also shown at 3.65X gain). Figure source; Zhao, Li, Warren, 
Golbeck and Bryant (1992) Site-directed conversion of a cysteine to aspartate leads to the assembly of a [3Fe-3S] cluster in PsaC 
of photosystem I . The photoreduction of F/^ is independent of Fs- Biochemistry 31: 5096, 5097. 











Chapter 29 The Membrane-Bound Iron-Sulfur Proteins (FeS-A and FeS-B) 



489 



The bacterial ferredoxin from Pseudomonas aerogenes [now called Peptococcus assaccharolyticus] 
(P. a.) was crystallized and its three-dimensional structure first determined by Adman, Sicker and Jensen^® 
at 2.8 A resolution in 1973. The backbone structure model of P. aerogenes ferredoxin (abbreviated as 
P.a.-Fd) is shown in Fig. 9, below. The shape of the molecule is approximately a prolate ellipsoid, with 
a minor axis of 22 A and a major axis of 27 A, and with the centers of the two [4Fe»4S] clusters 12 A 
apart. 

As seen from the amino-acid sequence for PsaC in Fig. 7 and that for the P. aerogenes ferredoxin in 
Fig. 9, cysteines 11, 14, 17 and 58 coordinate to FeS-B and cysteines 21, 48, 51 and 54 to FeS-A. The 
three-dimensional structure of the P. aerogenes ferredoxin may be utilized to show the cysteine coordi- 
nation patterns for the two [4Fe»4S] clusters in the chloroplast PsaC subunit. Taking the two cysteine 
binding motifs, 

CxxCxxCxxxCP CxxCxxCxxxCP, 

n 14 17 21 48 51 54 58 

(B) (B) (B) (A) (A) (A) (A) (B) 

it was determined that the first three cysteines from one CxxCxxCxxxCP motif and a fourth cysteine 
from the other motif coordinate with one [4Fe»4S] cluster, and the fourth cysteine from the first motif 
plus the three cysteines from the second motif provide coordination for the other cluster. The cysteine 
residues in the amino-acid sequences of P. aerogenes that bind to FeS-A and FeS-B are individually 
labeled in Fig. 9. PsaC contains 24 more residues than the bacterial ferredoxins, with 14 of them at the C- 
terminus and the 10 others in the center region (see Fig. 9). The 10 additional amino acids in the center 
region are mostly hydrophobic residues, which probably form a loop to anchor the polypeptide to the 
PS-I reaction-center core, without causing any major change in the three-dimensional structure of PsaC 
in the vicinity of the iron-sulfur centers. 




Fig. 9. Three dimensional structure of ferredoxin from Pseudomo- 
nas aerogenes [the portion without the black ribbons] determined 
by X-ray crystallography at 2.8 A resolution. The additional amino- 
acid residues contained in PsaC protein are added to the P. aero- 
genes ferredoxin backbone at the C-terminus and inserted at po- 
sition 22 to model the structure of the PsaC protein. P. aerogenes 
ferredoxin structure from Adman, Sieker and Jensen (1973) The 
structure of bacterial ferredoxin. J Biol Chem 248: 3993. 
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III.C. Characterization by Kinetic Spectrophotometry 

As we will see in the next chapter, P430 is most likely the optical equivalent of the EPR signal attrib- 
uted to the reduction of FeS-A/B. However, a direct kinetic or spectral assignment to either FeS-A or 
FeS-B from the available P430 absorption data has not yet been made, in spite of the excellent time 
resolution of the optical-spectroscopic methods. On the other hand, even though FeS-A and FeS-B are 
well characterized by low-temperature EPR spectroscopy, determination of the kinetic behavior of these 
signals by the latter technique is seriously limited by consideration of time resolution and signal-to-noise 
ratios. Even more importantly, however, the EPR signals ofthe iron-sulfur clusters can only be observed 
at temperatures below -10-15 K and determination of electron-transfer times involving these iron-sulfur 
clusters at such a low temperatures is limited and impractical. 

Here we will review the work of Sauer, Mathis, Acker and van Best^^ in their original attempt to 
characterize the iron-sulfur center FeS-X, an electron carrier with a more negative redox potential and 
positioned ahead of FeS-A and FeS-B in the electron-transfer chain, and thus an intermediary electron 
donor to FeS-A and FeS-B. When the oxidized FeS-A/B proteins serve as secondary acceptors, the 
photochemically reduced forms have been found to re-reduce the photooxidized primary donor P700*. 
In parallel experiments, Sauer et al. characterized FeS-X indirectly by determining the decay kinetics of 
photooxidized P700^ in its recombination with reduced FeS-X~ by kinetic spectrophotometric measure- 
ments. In the process, some insight was also gained indirectly regarding the nature ofFeS-A and FeS-B. 

Accepting that FeS-A/B is identical to the spectral species P430 (which is the main topic for the 
following chapter), it is plausible to assume that photoreduced [FeS-A/B]' recombines with P700‘ in 
-30 ms, the time measured for P7007P430" recombination. It is then possible to photoaccumulateFeS- 
A7B' if a more efficient exogenous donor for P700'^ can be provided. Such an intervention was achieved 
by using reduced PMS (PMSH^). Thus, through the use ofmultiple flashes to activate the PS-I complex 
in the presence ofPMSHj and the measurement ofthe absorbance change ofP700 at 820 nm, it was 
found that P700' decays after the first flash with a halftime of 2 ms, representing its re-reduction by 



K Flash; 
1st 



P700*»FeS-XFeS-A/B + hv, — P700*«*FeS-XFeS-A7B 

P700 »«FeS-XFeS-A7B 
PMSH; 




P700 *«FeS-XFeS-A7B + hv^ — P700*»—FeS-XFeS-A7B‘ 

P700 ..FeS-XFeS-A'/B- 
PMSHj 

P700»«FeS-XFeS-A7B' + hVj — P700**.FeS-X‘FeS-A7B' + (PMSHj) 

^ P700-— FeS-X-FeS-A'/B" 
ns 




II 



Fig. 10. Absorbance-change transients at 820 nm in PS-1 particles containing PMSHj(PMS plus dithionite) Induced by a series of 
four saturating dye-laser flashes. The redox states ofthe PS-1 reaction center and the reactions accompanying the series of laser 
flash-induced absorbance changes are Illustrated at right. See text for further details. Figure source: Sauer, Mathis, Acker and van 
Best (1978) Electron acceptors associated with P-700 in triton solubilized photosystem I particles from spinach chloroplasts. 
Biochim BiophysActa 503: 127. 
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PMSH 2 thus leaving one of the photoreduced iron-sulfur centers accumulated, as shown by the first 
signal in Fig. 10. With the next flash, charge separation resulted in the photooxidation of P700 a second 
time and photoreduction of the second iron-sulfur cluster in FeS-A/B. Again, P700' is reduced by PMSH 2 
in 2 ms, as shown by the second signal in Fig. 10. After the third flash, the electron released by charge 
separation can only go as far as FeS-X, as both iron-sulfur clusters in FeS-A/B are already reduced and 
we see P700' decay in only -250 /zs, as shown by the third signal in Fig. 10, showing that reduced FeS- 
X" recombines with P700^ faster than PMSH 2 . A fourth flash will elicit the same reaction as the third 
one, resulting in a similar decay kinetics for P700\ as shown by the fourth signal in Fig. 10. 

Following the results of Sauer et al?^ on the photoreduction of the FeS-A/FeS-B acceptors, Vassiliev, 
Jung, Mamedov, Semenov and Golbeck^^ have recently used a refined spectrophotometric technique to 
examine the PS-I charge recombination over the microsecond-to-second time domain, yielding a broad 
continuum of kinetic phases. Interestingly, this measuring technique sometimes yields a greater number 
of kinetic phases than the number of endogenous acceptors available to recombine with the oxidized 
P700*(see Fig. 11 below). This may be attributed to a heterogeneity of the sample of the complex as 
prepared, as in a similar absorbance change experiment with unfractionated thylakoids the microsecond 
components are absent and only the major millisecond components are seen. It may be noted that pre- 
vious measurements of P700' decay kinetics at 820 nm usually focused on a major decay component 
over a narrow time domain and thus did not provide an opportunity for the observation of other possible 
components. Some results using the newer kinetic spectrophotometric technique with the Triton-frac- 
tionated, trimeric Synechococcus PS-I complex are illustrated in Fig. 11. 

The PS-I complex [P700-Ao'ApFeS-X'FeS-A/B] was dissolved in an anaerobic buffer containing 
DCIPHj (with ascorbate). A Q-switched, frequency-doubled Nd-YAG laser provided \Q-ns, 532-nm 
excitation flashes. The absorbance changes (AA) at 820 nm shown in Fig. 1 1 are the average of 12 traces 
acquired at 50-5 intervals. The ordinate on the right side shows the percent amplitude, with the initial 
value taken as 100%. Computer-aided analysis was applied to the measured 820-nm absorbance change 
to yield multiple exponential decay components of characteristic amplitudes and lifetimes. The kinetics 
are displayed on a logarithmic time scale for better visualization of the decay times involved. The two 
vertical, dotted lines at 250 /zs and 7 ms divide the time into three domains, each dominated by the 
recombination of P700'^with Af, FeS-X“or [FeS-A/B]'. 

Kinetic deconvolutions of absorbance changes of the PS-I complex in the presence of DCIPH 2 [Fig. 11 
(A)] show in the early time domain two small decay components with lifetimes of 22 jjs and 222 /zs, 
which correspond to the components with lifetimes of 22 /zv and 160 /js previously reported by Brettel 
and Golbeck^^ and attributed by them to recombination between P700'^ and Af in two phases. In the 
middle time domain the component with a lifetime of 1.5 ms most likely corresponds to the recombina- 
tion time between P700’^ and FeS-X', as previously reported by Parrett et In the last time domain, 
two kinetic components with lifetimes of 17 and 65 ms account for -10 and 40% of the total amplitude, 
respectively. These two decay components are ascribed to the recombination between P700^ and [FeS- 
A/B]~, although neither ofthese lifetimes can be uniquely assigned to FeS-A or FeS-B. The basic assign- 
ment of these millisecond kinetic contributions to FeS-A/B is supported by the observation that when 
methyl viologen is present to drain electrons from [FeS-A/B]“ in an aerobic reaction mixture containing 
the PS-I complex, the millisecond phases of P700^ turn into a slower non-exponential phase arising from 
non-specific electron donation by the media. 

Finally there are two very slow phases with lifetimes of 225 ms and 5.5 s, respectively. These phases 
have been attributed to P700^ reduction by reductants present in the medium, as they are negligible and 
only observed in the absence of reduced DCIPH 2 . The PS-I complex prepared with «-dodecyl-(3-D- 
maltoside ((3-DM) shows very similar kinetic phases over the three time domains (not shown). Also, 
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Fig. 11. Decay kinetics of flash-induced absorbance changes in a Triton-isolated PS-I complex: (A) An anaerobic reaction mixture 
of the PS-I complex containing DCIP and ascorbate (DCIPHj); (B) the same reaction mixture as in (A) except the FeS-B of the PS- 
I complex was selectively destroyed by HgClj treatment. Excitation flashes (10-ns, 532-nm) were from a Q-switched Nd-YAG 
laser. The absorbance change is the average of 12 traces generated at 50-s intervals. The two vertical dashed lines separate the 
time into three domains where recombination of P700* with A,", FeS-X" and [FeS-A/B]‘, respectively, dominate. See text for 
details. Figure source: Vassiliev, Jung, Mamedov, Semenov and Golbeck (1 997) Near-IR absorbance changes and electrogenic 
reactions in the microsecond-to-second time domain in photosystem I. Biophys J 72: 307. 

separate measurements of the decay kinetics ofphotoinduced electric potential (A4^) [not shown] across 
a proteoliposome membrane containing oriented PS-I complexes showed decay times similar to those 
seen in the absorbance changes. 

The problem of assigning a specific kinetic behavior to either the FeS-A or FeS-B center was further 
addressed by examining the kinetic profile of a PS-I complex no longer containing photochemically 
active FeS-B. As shown in Fig. 11 (B), the PS-I complex with FeS-B selectively destroyed by HgCl 2 
treatment shows very similar kinetic phases in all three time domains as the intact complex. The ampli- 
tudes of the three kinetic components (29 /.is, 269 jus and 1 .4 ms) in the first two time domains show an 
increase at the expense of the slower components. The first two components in the third time domain are 
noticeably accelerated to 1 1 and 38 ms, V5. 17 and 65 ms in the intact PS-I complex, with a decrease in 
the amplitudes but no change in amplitude ratio (~1:4) and, therefore, no basis for assigning one or the 
other kinetic phase to FeS-B that is no longer actively present. These results indicate that FeS-A can 
recombine with P700'^ directly, without the need for a rapid electron equilibration between FeS-A and 
FeS-B, as judged from a lack of a kinetic distinction in charge recombination with either FeS-A/B or 
FeS-A alone. 
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The newer spectrophotometric technique may also he used to characterize the PS -I complex where the 
states of the electron acceptors are modified. For instance, with the terminal acceptor FeS-A/B chemi- 
cally pre-reduced in [PyOO-Ao'ApFeS-X'FeS-A'/B"] or when FeS-A/B is physically removed from the 
core complex, the 820-nm ahsorption-change kinetics reflects P700* recombination with the earlier ac- 
ceptor FeS'X", and the millisecond kinetic phase of FeS-A/B recomhination with P700^can no longer 
he seen. For the core complex [P700 'Aq’ A[] in which all three iron-sulfur proteins are removed, the 820- 
nm ahsorption-change decay kinetics would reflect P700'*' recomhination with A„". We will return to 
these discussions in later chapters. 



III.D. Characterization by X-ray Crystaiiography and EPR Spectroscopy 

Although site-directed mutagenesis has demonstrated its usefulness for structure elucidation of the 
iron-sulfur proteins FeS-A/B, other means of structure deter mi nation remain indispensable. Guigliarelli, 
Guillaussier, More, Setif, Bottin and Bertrand , after examining oriented membrane fragments by EPR 
spectroscopy concluded that the axis ofFeS-A/FeS-B is tilted away from the normal to the membrane 
plane and suggested that electron transfer from FeS-X to the terminal acceptor ferredoxin would have to 
pass sequentially through each of these two iron-sulfur clusters in PsaC. At about the same time, analysis 
of X-ray crystallographic measurements from Witt, Saenger and colleagues^^’ on single crystals of the 
PS-I reaction center allowed the direct determination of the structure of a triangular area of the PsaC 
subunit protein, containing the three iron-sulfur centers, FeS-A, -B and -X. The results ofthis analysis, 
which relied on the already established structure for the two [4Fe»4S] clusters in P.a.-Fd, showed that 
the two iron-sulfur clusters of PsaC are separated by two short helices whose axes are parallel and 12 A 
apart, as seen in Fig. 12 (A). 

The initial 6 A-resolution X-ray work showed one of the [4Fe»4S] clusters is 15 A and the other 22 A 
from the preceding iron-sulfur electron acceptor, FeS-X. Discussion of the iron-sulfur center FeS-X 
itself will be deferred to Chapter 31, where the interaction of the FeS-X domain with PsaC (FeS-A/FeS- 
B) and its involvement in electron transfer to FeS-A/B will also be addressed. More recent work by the 
Berlin group at 4 A resolution has refined the distance measurements to 15.4 and 22.2 A, respectively. 
Fig. 12 (B) shows a three-dimensional model of PsaC based on low-temperature EPR measurements by 
Kamlowski and coworkers ’ on PS-I single crystals. Their interpretation was made by using the bac- 
terial ferredoxin model as a PsaC substitute in the PS-I reaction center matrix, and adjusting its orienta- 
tion for the best agreement with the EPR data. The g-tensor orientation of FeS-A and FeS-B in the PS-I 
single crystals determines the PsaC orientation relative to the two clusters. 

The line connecting FeS-A and FeS-B and its perpendicular bisector, the pseudo- symmetric C 2 (C) 
axis, intersects the membrane normal, or the C 2 (AB) axis, at 55° and 62°, respectively [see Fig. 12 (B)]. 
By analogy with respect to the sequence of the cysteine ligands in the bacterial ferredoxin, the FeS 
cluster proximal to FeS-X is designated as F| and the distal cluster as F 2 , with the implication that F| and 
F 2 are equivalent to FeS-B and FeS-A, respectively. Because ofthepseudo-symmetric C 2 axis, an abso- 
lute orientation cannot yet be established, which leaves the question of the location of FeS-A and FeS-B 
relative to FeS-X as well as of their identification with the spectroscopically characterized FeS-A and 
FeS-B still unanswered. As discussed in Chapter 31 later, this orientation has also been independently 
arrived at by Rodday et al. from mutagenesis experiments with PsaB and PsaC. 
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Fig. 12. (A) Stereograms of the electron-density map showing part of the PsaC-subunit in the region of the three iron-sulfur 
centers and (B) the corresponding model, both based on the two-[4Fe*4S] structure in P. aerogenes (P.a.-Fd). See text for details. 
Figure source: Schubert, Klukas, Krauli, Saenger, Fromme and Witt (1997) Photosystem I of Synechococcus elongatus at 4 A 
resolution: Comparative structure analysis. J Mol Biol 272: 752. Also see Color Plate 10. 



VI. Electron-Transfer Sequence in the Reduction of FeS-A and FeS-B 

In spite of the fact that FeS-A and FeS-B have been known for nearly thirty years now, and that all 
available evidence points to them as the terminal acceptor(s) in the electron-transfer chain of the PS-I 
reaction center, the question of the exact electron-transfer pathway by which FeS-A and FeS-B partici- 
pate in vivo is still not yet completely resolved. Various approaches have been used to tackle this prob- 
lem from different laboratories, and sometimes with conflicting results. 

Based on the redox-potential values^ ofFeS-A and FeS-B and the fact that illumination of the PS-I 
reaction-center complex at cryogenic temperature always leads to the preferential reduction of FeS-A^, 
it was thought that FeS-A was the likely terminal electron acceptor. However, even in the early investi- 
gations, there were many puzzling observations regarding the reaction sequence of these two iron-sulfur 
clusters. For instance, it was found by Cammack, Ryan and Stewart^' and by Hootkins, Malkin and 
Bearden^^ that in photosystem-I preparations ofthe thermophilic cyanobacterium Phormidium laminosum 
and of the halophilic alga Dunaliella parva, illumination at cryogenic temperature resulted in a substan- 
tial reduction of FeS-B instead of FeS-A. No simple 1 : 1 stoichiometric relationship has yet been estab- 
lished between photooxidized P700 and either photoreduced FeS terminal acceptor. In nearly all species 
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studied, including higher plants, algae and cyanobacteria, the total amount of the terminal acceptors 
FeS-A and FeS-B photoreduced at 15 K is approximately 74% of the P700 photooxidized (-60% FeS-A 
and 14% FeS-B). 

Based on the X-ray and EPR structural informationjust discussed, the question ofthe electron-transfer 
pathway involving FeS-A/FeS-B should involve either oftwo linear pathways: 

P700-M-FeS-X ^ FeS-B ^ FeS-A, or P700-.*-FeS-X ^ FeS-A -> FeS-B 

The question has also been addressed, particularly, in earlier investigations, in terms of either a serial or 
a parallel pathway: 

71 FeS-A 

P700 ** FeS-X ^ FeS-B ^ FeS-A, or P700 **-FeS-X 

bJ FeS-B 



VIA. Chemical Studies 

Two approaches were used for the initial studies of this problem. One involves selective chemical 
modification ofthe FeS -cluster followed by an examination ofthe effects on the electron-transfer path- 
ways. The other is the specific alteration ofthe FeS-cluster(s) by site-directed mutagenesis. Results from 
these studies will be discussed here in their chronological order. 

The first indication that electron transfer involving FeS-A/FeS-B may follow a branched pathway was 
reported by Golbeck and Warden^^ in 1982. It was found that treating a PS-I complex with urea plus 
ferricyanide induced oxidative denaturation ofthe Fe-S centers, i.e., conversion. The iron-sulfur 

center FeS-B was shown to be much more susceptible to this treatment than FeS-A, while FeS-X was the 
least susceptible. Yet, FeS-A was shown to be quantitatively photoreduced at cryogenic temperature, 
apparently following a parallel pathway. This work was followed two years later by that of Malkin^"^ 
with a contrary conclusion. Malkin modified FeS-B in a PS-I complex using diazonium benzene sul- 
fonate (DABS). This treatment also led to a loss ofNADP^ photoreduction at ambient temperature but 
left the reduction of methyl viologen unaffected. EPR examination ofthe DABS-treated PS-I complex 
indicated that EeS-B was modified, but reduction of EeS-A by illumination at cryogenic temperature 
was also inhibited. These results appeared to indicate that EeS-B is required for electron transfer to 
EeS-A, ferredoxin, NADP^, etc., and thus necessitated a serial or linear pathway. 

The branched-pathway view was revived between 1987 and 1991 by the work of Sakurai and cowork- 
ers^^'^^, who used HgClj as the modifying agent. The mercurial is known to inhibit NADP'^ photoreduc- 
tion without affecting the reduction of methyl viologen. Sakurai el al. found that HgCl 2 treatment, in 
addition to inhibiting NADP^ photoreduction, also altered EeS-B but did not affect the photoreduction of 
EeS-A at cryogenic temperature. 

VLB. Characterization by Site-Directed Mutagenesis 

We now turn to the work that addresses the problem of the electron-transfer pathway involving EeS-A/ 
EeS-B by the molecular-genetic approach. The basic approach is to manipulate the pasC gene so as to 
alter the environment ofthe EeS-centers in EeS-A/EeS-B. As already discussed above, Zhao, Li, War- 
ren, Golbeck and Bryant'^ used site-directed mutagenesis to produce two mutant PsaC proteins, in one of 
which cysteine-5 1 that binds to EeS-A and in the other cysteine- 14 that binds to EeS-B were replaced by 
aspartate, resulting in two mutants designated as Cys-5 l->Asp and Cys-l4->Asp, respectively. In the 
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Cys-5 1— >Asp mutant, a modified FeS-A cluster [3Fe»4S] was formed, while the redox potential of the 
unchanged native FeS-B cluster remained at -580 mV. In the Cys-14->Asp mutant, the FeS-B cluster 
became [3Fe»4S], while the redox potential of the unchanged FeS-A cluster remained at ~ -515 mV. 
Each of the [3Fe»4S] clusters was found unahle to participate in electron transfer. However, the presence 
of an altered FeS-B in theCys-14->Asp mutant did not affect the photoreduction of the unaltered FeS-A 
cluster at cryogenic temperature nor did the presence of an altered FeS-A in the Cys-51— >Asp mutant 
affect the photoreduction of the unaltered, native FeS-B cluster, also at cryogenic temperature. 

As mentioned above, a 1:1 stoichiometric relationship between the photooxidized donor, P700andthe 
reduced terminal acceptors has not yet been established for the PS-I reaction center. As previously 
noted, the total amount of the recognized terminal acceptors reduced at 15 K is, on average, approxi- 
mately 74% of the P700 photooxidized. Even more intriguing, in the reconstituted PS-I complexes from 
either the Cys-14— >Asp or Cys-51->Asp mutant PsaC protein, the extent of photoreduction of each 
intact iron-sulfur cluster at 15 K remained nearly the same as in the wild-type preparation. The presence 
ofthe other cluster that was made photochemically inactive by site-directed mutagenesis apparently had 
no effect on the behavior of the unaltered cluster. 

Mannan, He, Metzger, Whitmarsh, Malkin and Pakrasi^^, who studied the electron-transfer pathway 
involving EeS-A/EeS-B, used a similar molecular-genetic approach with the cyanobacterium 
variabilis ATCC 29413. Both Cys-13^Asp and Cys-50— >Asp mutants, which are equivalent to the 
Cys- 1 4->Asp and Cys-5 1 ->Asp mutants of Synechocystis discussed above, were found to be capable of 
electron transfer from P700 to EeS-X. Similar to the Cys-14^Asp mutant of Synechocystis, the native 
EeS-A in the Cys- 1 3— > Asp mutant that contained the altered EeS-B could still undergo photoreduction 
at cryogenic temperature. 

The results mentioned thus far show that while EeS-B is obligatory for electron transfer to ferredoxin 
andNADP*^, it does not appear to be required for the photoreduction ofPeS-A at cryogenic temperature. 
Malkin*^^ opined that photoreduction of EeS-A at cryogenic temperature may not be a meaningful crite- 
rion for examining the electron-transfer-pathway question, and cited two studies to make the point. One 
is the finding of Setif, Ikegami and Biggins^^ that upon removal of the intermediary phylloquinone 
molecule (A,) by solvent extraction and subsequent loss of N A DP* -photoreduction activity EeS-A could 
still undergo photoreduction at cryogenic temperature. The other more recent but similar finding is that 
of Warren, Smart, McIntosh and Golbeck"*” who reported that modification of the EeS-X in a PS-I com- 
plex apparently did not prevent both EeS-centers from being photoreduced at cryogenic temperature. 
Thus, the relationship of electron-transfer pathway at cryogenic temperatures to that at a physiological 
temperature remains unresolved. 

VI. C. Characterization by Kinetic Spectrophotometry 

Experiments Demonstrating that FeS-R is the Immediate Electron Donor to Ferredoxin : In Section 
III.C. we presented the measurements made by Vassiliev et al?^ ofthe recombination kinetics involving 
P700* and [FeS-A/B]' in a PS-I complex, using a refined spectrophotometric technique. As we have also 
seen in Section III.C, the multiple flash-excitation protocol of Sauer et is useful for examining the 
sequence of steps in the reduction ofthe two terminal iron-sulfur clusters, EeS-A and EeS-B. Diaz- 
Quintana, Eeibl, Bottin and Setif*' and Vassiliev, Jung, Yang and Golbeck"*^ have independently reex- 
amined the electron-transfer sequence involving the two iron-sulfur clusters by monitoring the decay 
kinetics of the absorption changes ofP700* at 832 nm in three kinds of PS-I complexes: the intact 
[P700-«'*-FeS-X-FeS-A/B] complex, the HgCl 2 -treated or FeS-B inactivated[P700 *-* FeS-X FeS-A/ 
(-B)] complex, and the EeS-B reconstituted [P700'*'*'FeS-X'FeS-A/(-/+B)] complex. The three com- 
plexes may be further abbreviated as “AB,” “A(-B)” and “A(-/-i-B), respectively. 
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Both groups used intact trimeric PS-I complex, isolated from Synechococcus using either detergent 
octyl (3-D-gIucopyranoside‘’ ’ or Triton X 1 00'*^. Both groups obtained very similar results. We will use 
the results of Vassiliev et al. for illustration. When the intact complex (“AB”) was treated with HgCl 2 
to destroy -90% of the FeS-B [sample “A(-B)”], -80% of the FeS-A remained intact as determined by 
low-temperature EPR spectroscopy. For reconstitution, the FIgCl 2 -treated sample was treated with FeClj, 
Na 2 S and p-mercaptoethanol, following the procedures of Jung, Yu and Golbeck"^^ [the resulting sample 
is designated as “A(-/-i-B)”]. As seen below, the A(-B) complex provides an extremely useful vehicle for 
the study of electron-transfer sequence on the reducing side of photosystem I. 

For their work, Vassiliev et al.^^ employed a Q-switched, frequency-doubled Nd-YAG laser flash of 
\Q-ns duration at 532 nm to elicit single turnovers. A xenon flash lamp was used to provide multiple, 10- 
/js flashes for excitations at \5-ms intervals. A diode laser provided the 832-nm measuring beam to 
monitor the recombination kinetics of P700^ with various electron acceptors. Comparable to earlier 
results, recombination time between FeS-A'/B~ and P700^ is -10 and 80 ms and that between FeS-X“ 
and P700^ (measured when both FeS-A and FeS-B are prereduced) is 250 fjs and 1.5 ms. When 50 jiM 
PMSH 2 is used as the exogenous electron donor for P700^, the latter can be reduced in 6 ms, which is still 
faster than the recombination of P700^with FeS-A'/FeS-B~ but slower than P700'^ recombination with 
FeS-X~. Thus FeS-A7FeS-B“ is formed by the first two flashes, in a train of flashes spaced \5-ms apart, 
since P700* is being preferentially reduced by PMSH 2 . With the third flash, P700-*'»-FeS-X"FeS-A7B" 
is formed and P700^ then begins to be reduced by FeS-X“ in -450 /is instead of being reduced more 
slowly by PMSH^ in 6 ms. Thus, the 6-ms reduction time of P700^ by PMSH 2 serves as an indicator for 
active forward electron transfer from FeS-X" to one or both of the terminal FeS-A/B clusters. When 
ferredoxin (or flavodoxin) is present, the efficiency of forward electron transfer from FeS-X" will de- 
pend on the ability of Fd to receive electrons from FeS-A7B”. 

In general agreement with the results discussed in Section III.C, when the intact PS-I complex “AB” 
is photoexcited in the presence ofSOpM PMSHj by four short flashes spaced 15-ms apart, a6-ms kinetic 
phase representing reduction of P700'^ by PMSH^ is observed in the decay after each of the first two 
flashes, as shown by tracings labeled 1 and 2 in Fig. 13 (A). However, a careful multi-exponential fit of 
the kinetics in fact yields two major components, a 468-/tf phase for P700* reduction by FeS-X" and the 
6-ms one due to P700^ reduction by PMSH 2 . Note that, for reasons that are not yet clearly understood, 
the kinetics of the phases produced by each ofthe first two flashes are slightly different. Upon excitation 
by the third and fourth flashes, electrons released by P700 photooxidation only go as far as FeS-X, 
however, and the decay is correspondingly faster and represents predominantly the recombination of 
P700*with FeS-X- in less than one millisecond, as shown by tracings labeled 3 and 4 in Fig. 13 (A). 

When the intact PS-I complex has been treated with HgCl 2 to destroy its FeS-B cluster and the result- 
ing complex “A(-B)” is excited by a similar sequence of four flashes in the presence of 50 p.M PMSH 2 , 
the kinetics of the decay phases following the second, third and fourth flashes are nearly the same but 
dramatically different from the kinetics following the first flash, as seen in Fig. 13 (B). The first flash 
results in the photoaccumulation of reduced FeS-A", as P700* is more rapidly reduced by PMSH 2 in 6 
ms. Since functional FeS-B is absent in the HgCl 2 -treated PS-I complex, the kinetic phases after the 
second and subsequent flashes should reflect reduction of P700* by FeS-X' rather than by PMSH 2 . 

When 50 p.M PMSH 2 as well as exogenous ferredoxin (Fd) are added to the intact PS-I complex, i.e., 
“AB,” the kinetics of the 832-nm absorption change is dramatically affected, as shown by tracings in 
Fig. 14 (D), the dependence on flash number being completely lost. This kinetic pattern is expected 
because the forward electron transfer now goes beyond [FeS-A/B]“ to the exogenously added acceptor 
(Fd) after each flash, and the redox state of the complex is always rapidly restored to its original state, 
i.e., [FeS-A/B]" is reoxidized by Fd and P700'^ is reduced by PMSH 2 . 
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HgClj-treated [FeS-A/(-B)] PS-1 complex 

Intact PS-1 complex [FeS-A/(-B)] PS-1 complex reconstituted 




Fig. 13. Decay kinetics of flash-induced absorbance changes at 832 nm of intact PS-1 complex (first column), of FeS-B-less 
PS-1 complex prepared by HgClj treatment (second column), and FeS-B-reconstituted PS-1 complex (third column). All samples 
contain 50 juM PMSHj (reduced by dithionite). Samples in the top row contain no exogenous acceptors; samples in the bottom row 
contain exogenously added ferredoxin (16 pM). Four consecutive short flashes spaced at 15-ms intervals were applied to the 
sample during each excitation cycle. Signals from three flash cycles were Individually averaged, with a 1-minute dark interval 
between each cycle. Figure source: Vassiliev, Jung, Yang and Golbeck (1998) PsaC subunit of photosystem I is oriented with 
iron-sulfur Cluster Fb as the immediate electron donor to ferredoxin and flavodoxin. Biophys J 74: 2031. 

On the other hand, with the HgClj- treated PS -I complex, A(-B), the kinetic phases in the presence of 
50 juM PMSH 2 and ferredoxin are hardly different from those of the same complex without ferredoxin, 
as seen in Fig. 13 (E) and (B), respectively. These results indicate an absence of electron transfer from 
FeS-A~ to ferredoxin in the FeS-B-less PS-I complex. To further confirm that the absence of FeS-B is 
responsible for the lack of electron transfer to ferredoxin in the HgCl2*treated PS-I complex, the FeS-B- 
less complex was reconstituted by reinserting the FeS-B cluster following the procedure of Jung et al^^, 
by treating with FeCls, Na2$ and P-mercaptoethanol, to yield the “A(-/-i-B)” complex. As seen in Fig. 13 
(C) and (F), consecutive flashes applied to the reconstituted complex produced nearly the same kinetic 
phases as for the original “AB” complex. The flash-number dependence seen in the intact complex is 
restored [Fig. 13 (C)], while the dependence is again lost when ferredoxin is added [Fig. 13 (F)]. 

Reassessment of the Electron-Transfer Sequence of the Three Iron-Sulfur Centers in Photosystem / : 
Further spectroscopic measurements and kinetic analysis were made recently by Shinkarev, Vassiliev 
and Golbeck"^"^ to provide additional support for the electron-transfer sequence FeS-X->FeS-A— >FeS-B 
->Fd. Three complexes, AB, A(-B) and the PS-I core P700- Ao'A|-FeS-X' containing no FeS-A/B, which 
we will abbreviate as “X-(AB),” eachcontainingDCIPH 2 (+Asc) as the exogenous electron donor. The 
kinetics of relaxation of P700' in the dark monitored at 832 nm are correlated with the electron-transfer 
rates of various electron acceptors. The absorbance changes of the three complexes are presented in Fig. 
14, with the lifetimes and percentage amplitude of AA of the kinetic phases included in the figure (cf 
similar results shown earlier in Fig. 11). 

Fig. 14 (A) shows the dark re-reduction of P700" over a seven-decade time span from 1 /zs to 10 s. The 
absorbance changes are fitted with multi-exponential kinetic phases representing involvement of differ- 
ent reduced species back-reacting with P700'. The two major ms phases, amounting to -55% of the total 
AA amplitude, are due to charge recombination ofFeS-A7B’ withP700^. The small percentage of faster 
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phases are attributed to earlier acceptors as a consequence of damage of some FeS-A/B by detergent 
treatment. The slowest phase was assigned to the reduction of P700* byDCIPH 2 . 

The 832-nm AAof the HgCl 2 -treated PS-I complex, i.e., A(-B), consists of a 2.2% contribution due to 
P700^ by DCIPH 2 . The fraction of the ms phases due mostly to FeS-A" amounts to -70%. Notice that a 
larger ^u^millisecond phase was reported for a similar A(-B) sample earlier in Fig. 11, presumably as a 
result of greater damage of FeS-A by detergent treatment. 

Figs. 14 (C) and (D) show the kinetics of dark relaxation in a PS-I core complex in which both FeS- A 
and FeS-B are absent. The dark reduction ofP700^by FeS-X“ monitored at 811 nm are represented by 
the major 576-/iS phase and a smaller 3.6-ms phase, plus a baseline amounting to -4.8%. The fast 9-/JS 
phase was determined to be contributed by the decay of chlorophyll triplet'*"^. 

For a definitive assignment of FeS-X ' to the component responsible for P700 re-reduction and exclu- 
sion ofpossible A]” contribution, the absorbance change in the dark relaxation of P700'^ in the X-(AB) 
sample was also measured at 415 nm. It is known that the light-minus-dark difference spectrum of P700 
in the Soret region has two isosbestic points, where no absorbance change occurs during its redox reac- 
tion, in the Soret region (refer to Chapter 30, Section II for discussion of the isosbestic points in spinach 
PS-I complex). In the Synechococcus PS-I complex, the isosbestic points are at 415 and 445 nm. As 
previously reported by Parrett et al?^ and by Franke et and also discussed in Chapter 3 1 , Section V, 



T. 642^5, 14ms, 90 ms, 3.2 s, t: 12.1 /is, 208/is, 3 ms. 18 ms, 112 ms. 




t: 9 /IS, 103 /IS, 576 /IS. 3.6 ms. 




Fig. 14. Kinetics of absorbance changes monitored at 832 nm for the re-reduction of P700* in (A) intact PS-I complex [AB] and (B) 
in HgCIz-treated PS-l complex (A-(B)]. (C) and (D) are, respectively, the AA due to the re-reduction of PyoO" measured at 81 1 nm 
and for the AA due to the FeS-X"-»FeS-X reaction measured at 41 5 nm. See text for details. Figure source: Shinkarev, Vassiliev 
and Golbeck (2000) A kinetic assessment of the sequence of electron transfer from F)^ to F^ and further to Fa in photosystem I: The 
value of the equilibrium constant between F^and F^.. Biophys J 78: 365, 366. 
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the wavelength at 415 nm also happens to be suitable for monitoring the redox-state changes of FeS-X 
itself (note also that the AA at 415 nm"^^ for the FeS-X'->FeS-X reaction is an increase, instead of an 
absorbance decrease measured for P700* reduction at 811 nm). Thus, in the presence of DCIPH 2 , the 
absorbance change measured at 415 nm for the oxidation of FeS-X' in Fig. 14 (D) appeared inverted 
from that for the reduction of P700'^ in Fig. 14 (C), with similar lifetimes for the multiple decay phases. 
As methyl viologen is known to accept electrons from FeS-X", its presence in the reaction mixture, as 
expected, resulted in no absorbance change in the entire Soret region, as shown for 415 nm in Fig. 14 (D) 
as well as for 445 nm (not shown). Consequently, the absorbance change measured with DCIPH 2 present 
in the X-(AB) complex can be ascribed entirely to the oxidation ofFcS-X'by P700*'. 

Although the back-reaction between a given reduced acceptor with P700'^ is expected to be monoexpo- 
nential, the kinetic data are often fitted with multiple phases. This heterogeneity has been suggested by 
Shinkarev et and by others"^^’ to be due to the existence of different conformational ^M^states in the 
reaction-center complexes. To obtain an average lifetime for a given acceptor reducing the P700'^, the 
formula Tav =[XaviX(%AA)|+Xav 2 x(%AA) 2 +Xav 3 x(%AA) 3 ] / [(%AA)i+(%AA) 2 +(%AA) 3 ] was used. Thus, 
the following average lifetimes were estimated for the FeS-X'->P700* (XP) back-reaction in the X- 
(AB) core complex and that for the FeS-A"->P700* (AP) back-reaction in the A(-B) complex as: 

Xxp=(0.576-71.2+3.6-7.2)/ (71.2+7.2) = 8.5 and Tap=( 3’7.8+1844.2+1 12T8.2)/ (7.8+44.2+18.2) = 40.7 ms. 

Recent work has provided sufficient evidence to support the notion that FeS-B is the immediate donor 
to ferredoxin and that the geometry of the two terminal FeS centers have also been determined by X-ray 
crystallography and labeled F| and F 2 . However, although accurate values for distances between the F|, 
F 2 and Fx (FeS-X) centers were determined by X-ray crystallography, the 4 A resolution used is not 
sufficient to identify F| and p 2 with FeS- A and FeS-B. 

To reassess the electron-transfer sequence on the acceptor side of photosystem I, Shinkarev et al^ 
used the above calculated average lifetimes for the back-reactions involving FeS-X" and FeS-A“ and 
applied the known electron-transfer rate-vs. -distance relationship"^^ and by taking into consideration of 
the asymmetrical position of iron-sulfur clusters FeS-A and FeS-B relative to FeS-X as determined by 
X-ray crystallography. The work of Moser et al.^^ on electron transfer in proteins deduced that the rate of 
electron transfer between the electron carriers decreases exponentially with distance. According to the 
relationship established by Moser etal, a change in distance of 1 .7 A would result in a one-order change 

The crystallographic data yielded a center-to-cen- 
ter (c-c) distance of 15 A between Fxand Fi and 12 
A between F, and F 2 , and the corresponding edge-to- 
edge (e-e) distances of 1 1 and 8 A, respectively. These 
e-e distances between the FeS centers, according to 
theabove-mentioned distance- V5. -rate relationship, as 
mentioned above, would correspond to the electron- 
transfer rates, as shown in the accompanying plot. 

Two alternatives for the identity of the FeS-A (F^) 
and FeS-B (F;\) centers were assumed, namely, ei- 
ther Fy^=F| or F^sp 2 . Depending on the assumed iden- 
tity of the F^ cluster, the kinetics of the dark rela- 
xation of P700'^ should be different because of the 
different distances of F, and F 2 relative to Fx- 



in the electron-transfer rate in proteins. 




Figure source same as Fig. 14. 
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Assigning toF), the rate- vs. -distance dependency for an e-e distance of 11 A between Fx andF] 
would yield an electron-transferrate constant of 10^-1 between these two clusters (see accompany- 
ing plot). The back-reaction between Fx’and P700^ determined with the X-(AB) core complex is 0.85 
ms, or a rate constant of 10^-10'’ s ' which, as expected, is significantly slower. 

If Fa is assigned to Fj, thenFi=Fu. In the HgC^treated PS-I 



complex, F] would be damaged by HgCl 2 , and the e-e distance 
between FeS-X and FeS-A (=F 2 ) is 18 A, corresponding to an elec- 
tron-transfer rate constant of I O'- 10^ s"' (see accompanying plot), 
or a lifetime in the range of -10-100 ms, which turns out to be 
even slower than the 0.85-ms back-reaction time between Fx” and 
P700'''. This situation would contradict the experimental results 
obtained with the HgClj-treated PS-I complex, as shown in Fig. 
14 (B). Thus, the results based on the data from crystallographic 
and kinetic studies, combined with the application of the rate-vs.- 
distance dependency, provide additional support for the electron- 
transfer sequence FeS-X->FeS-A->FeS-B->Fd for the photosys- 




tem-I acceptors. This transfer sequence is illustrated by the sche- 
matic drawing ofDiaz-Quintana etalf'^ showing the arrangement 



ofthe iron-sulfur clusters in photosystem I, as shown on the right. 



Uphill Electron Transfer on the Acceptor Side of photo system 1 : Considering the redox potentials^ of 
FeS-A and FeS-B to be -530 and -580 mV, respectively, as well as the PsaC orientation and the location 
of FeS-A and FeS-B relative to FeS-X, in the PS-I reaction center, transfer of electron from the more 
electro-negative FeS-B to the more electro-positive FeS-A would be expected. Recent studies, as de- 
scribed above, appear to favor the sequence FeS-X->FeS-A^FeS-B->Fd. As such a transfer sequence 
necessitates a positive free energy change, Vassiliev et alf^ have suggested a rationale that a partial 
uphill transfer step taking place in such a sequence may be accommodated by the fact that the electron 
transfer along the entire chain from the primary donor to ferredoxin, i.e., P700-*-*-FeS-X— > FeS-A— > 
FeS-B^Fd still involves an overall negative free-energy change. It was also noted that similar electron 
transfer energetics have been found in other systems, one reported by Nitschke, Jubault-Bregler and 
Rutherford"'^ for electron transfer through the four hemes in the multiheme cytochrome subunit toward 
the primary donor P'^ in the purple bacterium Chromatium vinosum. Two other such uphill electron 
transfers have also been reported for multi-cofactor enzymes, one involving two segments of the mito- 
chondrial respiratory chain^'* and one involving [NiFe] hyhdrogenase^'. The thermodynamics of elec- 
tron transport between FeS-A and FeS-B is under further study"'"'. 
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I. A Brief Chronicle of the Investigation of the Photosystem-I Primary Electron 
Acceptor 

Toward the end of the 1960s, wide interest was shown concerning the identity of the primary electron 
acceptor of photosystem I. According to the notion that had come to he accepted hy that time, the initial 
photochemical act in photosystem I was to generate, through the absorption of a photon, a charge separa- 
tion to produce a pair ofpositively and negatively charged species. Also, hy that time, the reasonably well 
characterized species, P700, was generally accepted as the primary donor of photosystem I. On the other 
hand, the primary electron acceptor ofphotosystem I was a rather elusive entity, subject mainly to specu- 
lation. 

It was in 1960, about the time that the two-light scheme began to emerge, that Kamen' described a 
possible mechanism for the coupling of a chemical reaction to the absorption of a photon by proposing the 
existence of a chlorophyll-heme adduct in the photosynthetic apparatus. Upon absorption of a photon, the 
magnesium chlorin (chlorophyll) can be brought to the singlet excited state from which de-excitation may 
proceed by an electron transfer from a neighboring heme, resulting in a singly reduced chlorophyll, the 
“semi-chlorinogen,” and a singly oxidized heme. The photooxidant and photoreductant would then bring 
about the withdrawal of an electron from water and the reduction of a pyridine nucleotide. 
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In the meantime, a physical model developed in terms of charge separation in a harrier photocell was 
considered earlier hy Katz^ and elaborated somewhat later hy Calvin^. In this model, the photoexcited 
porphyrin donates an electron (or a hydrogen atom) to an acceptor to produce a species with a high 
reducing level which eventually will then reduce CO 2 , with the electron (or hydrogen atom) ultimately 
coming from water. The net result is the transfer ofhydrogen (electron plus proton) from H 2 O to CO 2 . 

The concept of chlorophyll serving as the primary electron acceptor was amended hy Kamen"^ to include 
a model consisting of a chlorophyll dimer. The energy of a (red) photon removes an electron from one Chi 
ofthe Chl-Chl pair and places it on the other Chi to form Chr-Chr. Kamen also envisioned that spectro- 
scopic differentiation ofChT and ChI“wouldhe difficult because the bridge-carbon resonance would be 
hindered, and the formation of either charged species would be associated with an absorbance decrease. 
Kamen’ s original concept was quite prophetic and became pertinent to all types of photosynthetic reaction 
centers to come under investigation later. 

With the realization that ferredoxin, the component to be isolated first, is present in all photosynthetic 
cells investigated and at the same time the physiological reductant with the most negative redox potential 
known to be formed during photosynthesis, Arnon^ suggested that it was the “crucial” electron acceptor in 
the primary photochemical act. Vernon and Ke^ suggested two possibilities with regard to ferredoxin 
reduction: (a) ferredoxin reacts directly with the photoexcited chlorophyll and gains an electron through a 
charge-transfer reaction; or (b) it reacts with a reduced chlorophyll produced by the preceding charge- 
transfer reaction. Along this line, Kassner and Kamen’’ ^ reported that ferredoxin can be photoreduced in 
vitro in the presence of a porphyrin and the electron donor, dithioerythritol, and thus demonstrated that 
ferredoxin could interact directly with a chlorophyll-type catalyst. However, Chance et al? subsequently 
examined the role of ferredoxin by monitoring the kinetics of cytochrome-/ photooxidation and ferredoxin 
reduction simultaneously and found that cytochrome-/ photooxidation occurred regardless of whether 
ferredoxin was present or absent, indicating that ferredoxin was not an obligatory electron acceptor. 

During the mid-1960s, three separate groups of investigators, Zweig and Avron^**, Kok, Rurainski and 
Owen", and Black" found that chloroplasts could reduce highly electronegative viologen dyes with £/ 
with reported values lying in the range of -500 to -700 mV, considerably more negative than the £/ for 
ferredoxin. These findings thus indicated that ferredoxin might not be the initial reductant produced pho- 
tochemically by photosystem I. Zweig and Avron^° estimated that the E^of the primary reductant in fact 
had to be between -490 and -530 mV, which require a species with a redox potential more negative than 
ferredoxin (£/ ~ -400 mV) to fill that role. 

In view of these new findings, chlorophyll with a highly negative redox potential still remained one of the 
potential candidates to fulfill the requirement for the primary electron acceptor, but new candidates also 
emerged. In 1969, Fuller and Nugent" proposed that some naturally occurring, low-potential (~ -0.7 V), 
unconjugated pteridine might play the role ofprimary electron acceptor in green plant as well as bacterial 
photosynthesis. Their proposal was based on the finding that a tetrahydropteridine could chemically re- 
duce ferredoxin, and that the reduced pteridine could interact specifically with the reaction-center chloro- 
phyll or bacteriochlorophyll to produce a spectral shift of either pigment similar to that produced by light. 
Wang" has also suggested the possibility that a flavin-like compound might serve as a primary electron 
acceptor. This proposal was based on the observation that chlorophyll a and a flavin derivative (FMN, 
lumiflavin, or flavone) form a molecular complex having a reversibly bleachable absorption peak near 700 
nm. Yocum and San Pietro", and subsequently Regitz, Berzborn and Trebst", isolated a substance from 
spinach that could stimulate the photoreduction of NADP’^; the substance was named “ferredoxin reducing 
substance,” or “FRS,” and was thought to be a possible candidate for the role ofprimary electron acceptor 
in photosystem I. 
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The decade-long active search for the PS-I primary electron acceptor eventually reached the turning 
point with the discovery of the membrane -bound iron-sulfur protein by Malkin and Bearden’^ and the 
simultaneous discovery of the spectral species, “P430,” by Hiyama and Ke**. These two independent but 
closely related investigations finally made a breakthrough into the inner workings of the photosystem-I 
reaction center. The membrane-bound iron-sulfur proteins have already been discussed in Chapter 20 and 
the spectral species called “P430” is the subject of this chapter. 



II. The Spectral Species P430: Its Discovery and Properties 



The optical spectroscopic results that led to the proposal that P430 is the primary electron acceptor of 
photosystem I is illustrated in Fig. 1. Here a digitonin-fractionated photosystem-I particle (D144) from 
spinach in the presence of N,N, N\ A'’-tetramethylphenylenediamine (TMPD)plus ascorbate yields a very 
rapid absorbance decrease at 430 nm upon excitation by a 20-/js red flash, followed by a slower but still 
quite rapid recovery [Fig. 1 (A, a)]. Upon addition of methyl viologen to the reaction mixture, two effects 
were observed: the total amplitude of the absorbance decrease became smaller and the decay was much 
slower [Fig. 1 (A, b)]. It was subsequently recognized that the apparent difference in the amplitude was 
caused mainly by an inadequate response time of the measuring instrument which resulted in a truncation 
of the rapid-decay portion of the signal. Thus, when the response time of the measuring instrument was 
improved, the total amplitude of the absorbance decrease was restored to that seen in the absence of methyl 
viologen, the restored portion showing, in fact, a more rapid decay, as circled in Fig. 1 (A, c). 

A semi-logarithmic plot of the absorbance change V5. time in Fig. 1 (B) shows that the decay of the 
absorbance of D144 particles in the presence of the reductant TMPD alone is approximately simple expo- 
nential. When 1 3 p.M methyl viologen (MV) was also present, the decay course became biphasic, with the 
rapid phase having a decay time of a few milliseconds and the slow phase ~ 600 ms. Semi-logarithmic 
plots for the slowly decaying phase measured at both 430 and 700 nm (not shown) at different TMPD 
concentrations yielded identical linear slopes, indicating that they are associated with the dark re-reduction 
of photooxidized P700^. 




Fig. 1. (A) Flash-induced absorbance changes at 430 nm in digitonin-fractionated PS-I particles (0144) from spinach in the presence of 
an artificial electron donor TMPD alone (a) and in the presence of TMPD pius the artificial electron acceptor, methyl viologen (MV) [b and 
c]. T race (c) shows a portion of the absorbance change in (b) with greater time resolution. (B) Semi-logarithmic plot of absorbance 
changes shown in (A), Figure source: (A) Ke (1 973) The primary electron acceptor of photosystem I. Biochim Biophys Acta 301: 8; (B) 
Hiyama and Ke (1971) P430: A possible primary electron acceptor of photosystem I. Proc lind Intern Congr on Photosynthesis, p492. 
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To gain additional insight into the nature of the spectral changes with the two different decay kinetics, 
separate difference spectra were constructed for thenr. To obtain the difference spectrunr for the slow- 
decay conrponent, semi-logarithmic plots for the PS-I particle at a given concentration of an artificial 
electron donor and acceptor were made, similar to that shown in Fig. 1 (B), for all wavelengths of interest 
except over a much longer time span. These plots, when extrapolated to time zero, yielded the total ampli- 
tude of the slow-phase changes. The difference spectrum constructed from the amplitudes of the slow 
phase for the D144 particles in the presence of reduced TMPD as the donor and MV as the acceptor is 
shown in Fig. 2. The difference spectrum constructed from the slow-decay changes closely resembles that 
of P700. It was thus concluded that the slow-phase changes represent the dark reduction ofphotooxidized 
P700'' by the artificial electron donor TMPD. 

The rapid-decay change, which was evoked by the presence of MV and assumed to be associated with 
the PS-I primary electron acceptor, was obtained by first establishing the total amplitude of the initial 
rapid absorbance decrease at a given wavelength in the absence of MV and subtracting from it the slow- 
decay change extrapolated to time zero. The difference spectrum obtained by this procedure for the rapid- 
decaying changes is also shown in Fig. 2. This difference spectrum mainly shows abroad band around 430 
nm with minor absorbance changes elsewhere in the 400-500 nm region and the component responsible for 
it was therefore designated as “P430.” As seen in the right panel in Fig. 2, little or no absorption changes 
in the red region could be found that had the rapid kinetics corresponding to those in the blue region. 
Similar difference spectra were also obtained from Triton-fractionated particles from spinach and three 
kinds ofP700-enriched particles derived from cyanobacteria^^. 

Note that there are three wavelengths, namely, 408, 442 and 575 nm, at which P700 undergoes practi- 
cally no light-induced absorbance changes. These wavelengths are convenient for simplifying the analysis 
of the kinetics of species other than P700. For instance, the first two wavelengths would be useful for 
observing the absorbance changes of P430 with a minimum interference by P700. At 575 nm, the absor- 
bance change of such electron carriers as TMPD or DCIP may also be observed with little interference 
from either P700 or P430. 





Fig. 2. Difference spectra of P700 and P430 derived from kinetic plots, similarto that shown in Fig. 1, fordigitonin-fractionated PS-I 
particles from spinach. Left panel: 390-580 nm; right panel: 600-730 nm. Figure source: Hiyama and Ke (1971) /t further study of 
"P430': A possible primary electron acceptor of photosystem I. Arch Biochim Biophys 1 47: 1 06, 1 07. 
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III. Five Possible Fates of the Photooxidized Primary Donotpyoo^ and the Photo- 
reduced “Primary” Acceptor P430" 

In principle, a definitive confirmation for a proposed candidate for the primary acceptor should include 
the following: (a) spectral characteristics consistent with the proposed component; (b) rapid onset kinetics; 
and (c) some kinetic correlation between the reoxidation ofthe proposed primary acceptor and the coupled 
reduction ofthe secondary acceptor. Before discussing some ofthe experimental results concerning these 
requirements, we will first examine what could possibly happen to the charged species P700'' and P430“ 
generated by flash illumination that is consistent with the primary-acceptor role of P430. In principle, 
there are five possible fates for the photooxidized P700^ and thephotoreduced P430" formed in the photo- 
chemical charge separation in photosystem I. 

The five cases are presented in Fig. 3, they are: (A) direct charge recombination; (B) charge recombina- 
tion via an endogenous or exogenous species, via a cyclic electron flow; (C) non-cyclic electron flow; (D) 
accumulation of P700*; and (E) accumulation of P430". Each case is represented by a graphical model in 
the top row of the figure and illustrated by actual experimental results. We will now briefly discuss each 
case in turn. 

(A) Recombination of P70Qland P430 ~ occurs when no secondary donors and acceptors are present and 
P700VP430“ recombination is the only option. Absorbance-change transients representing P700*-P430“ 
recombination are illustrated in Eig. 3 (A), where the monitoring wavelengths and the species being moni- 
tored are also indicated. The absorbance-change transients show that the recovery of P430“at 442 nm was 
kinetically indistinguishable from those of P700'^ at 430 or 703 nm, as would be expected for recombina- 
tion between P700^ and P430". Although TMPD was present in the reaction mixture to assure P700 is 
reduced in the dark just before the flash, no change was detected at 575 nm where TMPD* has an appre- 
ciable absorbance. The possibility of charge recombination in photosystem I had been previously sug- 
gested by Kok, Rurainski and Harmon’^ and by Rumberg and Witt^*’, but these absorbance transients 
provided the first direct experimental demonstration for charge recombination in photosystem I. 

The kinetics for P700^ and P430“ recombination was apparently non-exponential, as the semi-logarith- 
mic plot (not shown) was non-linear. The kinetics of the recombination reaction could be fitted to a linear 
plot by the application of a special case of a second-order reaction where the two reactants P700'’’ and 
P430‘ existed in equal amounts throughout the reaction course^*. The second-order rate constant was 
calculated to be 3-10’ and the ti^was approximately 45 ms. 

(B) Cyclic electron flow, illustrated in Pig. 3 (B), is facilitated by the introduction of both the oxidized 
and reduced forms of a single electron carrier, in this case, TMPD. While the reduced form of TMPD can 
donate electrons to P700‘*^,the oxidized form of TMPD (Wurster’s Blue, abbreviated as TMPD*) can serve 
as an artificial electron acceptor in photosystem I. Since TMPD has an absorbance band in the region of 
575 nm, observation of its absorbance changes is quite convenient in this system. 

Application of 20*p.s flashes to D144 particles containing 0.6 pM TMPD*' and 67 pMTMPD under 
anaerobic conditions generated a rapid absorbance decrease at 703 nm signifying photooxidation of P700. 
A rapid absorbance decrease was also observed at 575 nm indicative ofthe rapid reduction of TMPD*" 
followed by a recovery phase that was kinetically identical to that of P700'*at 703 nm, both having decay 
times of -300 ms. 

Interestingly, when the 575-nm signal was reexamined at a higher time resolution, it was revealed that 
the initial absorbance decrease at 575 nm had a resolvable rise time of -4 ms, as shown by the third signal 
from the top. This rise time was almost identical with the decay time of P430“ measured at 442.5 nm (see 
bottom signal), another isosbestic point for P700. The complementary nature of these two signals indicate 
that TMPD*" was directly reduced by P430~ and that photooxidized P700'*' was directly reduced by TMPD 
in a simple, cyclic electron flow around photosystem I. 




Charge Cyclic electron Noncyclic Accumulation Accumulation 

recombination flow electron flow of P700* of P430' 
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Fig. 3. Five possible fates of the primary oxidant, P700*, and the primary reductant, P430', formed in the photochemical reaction in photosyslem I in D144 particles. (A) Charge 
recombination; (B) Cyclic electron flow; (C) Non-cyclic electron flow; (D) Photoaccumulation of P700*; and (E) Photoaccumulation of P430'. Each case is illustrated with experi- 
mental results with PS-1 D144 particles. From Ke (1973) The primary electron acceptor of photosystem I. Biochim Biophys Acta 301 : 1 -33. See references in this review for the 
original data sources. 
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(C) Non-cvclic electron flow involves one exogenous donor (e.g., TMPD) and a different exogenous 
acceptor (e.g., MV) interacting with photosystem I, a case that we already encountered in Fig. 1 above. In 
principle, one would expect identical kinetics between the dark reduction of photooxidized P700^ and the 
dark oxidation of TMPD on the one hand, and identical kinetics between the decay of P430~ and the 
reduction of methyl viologen on the other. Under the experimental conditions used, the first relationship 
was only partly verified, as the TMPD oxidation phase was partially truncated by a competitive reduction 
of P700VTMPD'*^by the ascorbate present in the reaction mixture^\ 

However, identical kinetics between the dark reoxidation of P430~and the reduction of methyl viologen 
was demonstrated by the absorbance-change transients shown in Fig. 3 (C). With TMPD and MV present 
in a mixture containing D144 particles and made anaerobic by dithioerythritol, the signal at 575 nm, an 
isosbestic point for P700, represents the onset of reduction of MV to its semi-quinone form. The kinetics 
of this signal is identical to the decay phase of P430“ measured at 442 nm, another isosbestic point for 
P700 and when MV is not spectrally active. At 390 nm, a very small but rapid rise signal, followed by a 
much larger, slow rise signal, was observed. The rapid phase at this wavelength represents the signal due 
to photooxidation ofP700. The slow phase due to the reduction of methyl viologen is again kinetically 
identical to the decay phase ofP430 . These results clearly indicate that methyl viologen dye with its very 
negative redox potential (-446 mV) can still be reduced byP430'. 

The direct coupling of P430“with MV was further supported by the acceleration ofthe decay rate ofthe 
former that is observed with increasing MV concentration*^. The kinetic plots showed that P430“ decay 
was exponential at all MV concentrations examined. The decay /./, V5. MV concentration fitted a pseudo- 
first-order reaction, giving an estimated rate constant of 9.6- 10^ M"'-a“* at 22 °C*^. 

Electron flow in photosynthesis is non-cyclic via reduction of the endogenous secondary electron 
acceptor(s) ferredoxin, NADP'^and ultimately CO 2 by photosystem I, with a continual supply of electrons 
coming from water through photosystem II. Hiyama and Ke'^ simulated this reaction system using a 
sample of D144 particles containing TMPD as the source of electrons and ferredoxin/NADP'^ as the 
acceptor system, with the flavoprotein catalyst, ferredoxin-NADP '‘-reductase added, and found the decay 
rate of P430“ clearly accelerated, indicating a coupling ofthe exogenous secondary electron acceptors to 
the photo-reduced P430'. Interestingly, upon addition of methyl viologen to the reaction mixture, the 
P43 0~ signal was not seen, presumably because it was oxidized by MV so rapidly that the signal became 
invisible at the limited time resolution ofthe instrument. We shall return to discuss some ofthese results 
later in Chapter 34 on mobile electron carriers (including ferredoxin) where these observations are perti- 
nent. 

(D) Accumulation of photooxidized P700 '. The three fates discussed thus far are all characterized by 
the rapid restoration ofthe initial state ofthe primary reactants, through direct recombination or coupled 
reactions with secondary electron carriers, so that renewed photochemical reaction can occur upon ab- 
sorption of more photons. We now describe two unique situations, in which only one of the two primary 
reactants is restored and the unrestored, charged species would then be considered as “photo-accumu- 
lated,” or “trapped.” For example, this author^^ reported that photo-accumulation of P700'' is possible if 
an autooxidizable secondary electron acceptor, such as methyl viologen, has been added to “drain” or 
“trap” the negative charge on P430”but no donor has been added to reduce photo-accumulated P700‘'^. 
Photo-accumulation of P700^is modeled by the reaction scheme in Fig. 3 (D) where characteristic light- 
induced, absorbance-change transients are also shown. When a sample of PS-I particles (D144) to which 
only methyl viologen has been added is subject either to a sufficient long period of steady illumination or 
to a few intense and closely spaced, red actinic flashes, the viologen becomes reduced by P430“ and the 
reduced methyl viologen then reacts rapidly with oxygen before it can donate electrons to oxidized P700''', 
leaving all the P700 photooxidized, with no further photochemical charge separation possible, as shown 
by the upper transient in Fig. 3 (D). Since the re-reduction ofP700^ is very slow in the absence of added 
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secondary donors, P700^ is photoaccumulated and thus a difference spectrum of P700^ may be obtained 
as the absorbance difference ofthe illuminated and the unilluminated samples. Thus, P700'^ accumulation 
may be used as a relatively simple and convenient method for estimating the P700 content in chloroplasts 
or subchloroplast samples. 

Upon addition of [TMPD+Asc] to re-reduce P700** in the dark, an absorbance-change transient with a 
biphasic decay, typical ofnon-cyclic electron flow could be elicited by a light flash, as shown by the lower 
transient in Fig. 3 (D). The ratio ofthe amplitude ofthe slow-decay portion ofthe absorbance change due 
to reduction ofP700^,to that ofthe fast-decay portion, due to oxidation ofP430~, is ~ 4:1. 

fE) Accumulation of photoreduced P430 may be realized if a competitive secondary electron donor 
could be provided to head off P700* from recombining with P430", while at the same time excluding the 
possibility of any secondary acceptor draining off electrons from P430". The reaction scheme and some 
experimental results for P430“ accumulation are shown in Fig. 3 (E). The top transient represents recom- 
bination when the reductant dithioerythritol and some TMPD were present in the reaction mixture contain- 
ing TSF-I particles. After the addition ofPMS, completely reduced by dithioerythritol under anaerobic 
conditions, flash excitation caused an initial rapid absorbance decrease followed by a rapid recovery phase 
due to P700*, but approximately 1/5 ofthe initial absorbance decrease recovered much more slowly. The 
ratio of amplitudes of the slowly and rapidly decaying portion is consistent with the relative extinction 
coefficients of P430 and P700 at this wavelength, indicating that the slow kinetic phase belongs to P430 
recovery. When benzyl viologen was added as an efficient electron acceptor for P430',.the slowly decaying 
portion was accelerated and essentially a non-cyclic electron flow resulted, in agreement with the profile of 
the bottom transient in Fig. 3 (E). The rate ofbenzyl viologen reduction by P430 is such that the kinetics 
of P700* re -reduction and P430“ re-oxidation merged into a single decay profile. 

IV. Some Properties of P430 and P700 

When P430“ was initially found, it was thought to be the primary electron acceptor of photosystem I, 
namely, the direct reaction partner on the reducing side of P700. As we know now, however, much faster 
electron transfers involving several “more primary” acceptors [Aq, A] and FeS-X] actually precede the 
reduction of P430 but were not resolved because of a lack of adequate time resolution and thus were not 
recognized. In the following discussion of the various properties of P430, we should bear this point in mind 
even though the designation of “primary acceptor” is still often attached to P430. 

All the available spectroscopic evidence presented thus far remains consistent with the formation of a 
primary oxidant P700^ and the presumed primary reductant P430“ as the initial photochemical event in 
photosystem I. For a photochemical event to be considered primary, certain requirements have to be met. 
It should be capable oftaking place at cryogenic temperatures and characterized by a rapid risetime for the 
absorbance change due to the charge separation process, an appropriately negative redox potential for the 
acceptor, a high quantum yield for charge pair formation, a parallel response of both the primary donor 
and acceptor with regard to the excitation intensity, etc. 

In an early investigation of the first requirement, the risetimes for P700 photooxidation and P430 
photoreduction were examined with the use of a 20-ns flash for excitation. The composite absorbance- 
change signal at 430 nm showed an instrument-limited risetime of <10(}ns for both. The electron-transfer 
time from FeS-X to FeS-A/B, i.e., time for P430— >P430“, has been determined by, among others (see 
Brettel review^"*), Sigfridsson, Hansson and Brezinski^^ to be <1 ms on the basis of flash-induced voltage 
changes and by Franke, Ciesla and Warden^^ to be of -800 ns using kinetic-spectrophotometric measure- 
ments. These works will be discussed in further detail in the next chapter. 

The quantum requirements for both P700 photooxidation and P430 photoreduction were measured in 
PS-I particles using monochromatic light sources for excitation . With 67 1-nm excitation light, thequan- 
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turn requirement was found to be near 2, whereas that with 703-nm light was unity. These results indicate 
that the primary photochemical reaction generating P700^ and P430“ in photosystem I is an extremely 
efficient process when excited in the spectral region absorbed by P700 but the 671 -nm quanta, absorbed 
mainly by the bulk chlorophyll, are apparently not nearly as efficiently utilized, at least in these isolated 
photosystems. 

IV. A. Extended Difference Spectrum and Extinction Coefficient of P430 

Difference spectra for the 390-580 nm and 600-730 nm regions of P700 and P430 have already been 
shown in Fig. 2. Additional spectral measurements have extended these spectra to the near infrared^’ and 
near ultraviolet^^ regions, as shown in Fig. 4 (A). 

Shuvalov, Klimov and Krasnovsky^^ later utilized the photoaccumulation techniques described above to 
measure the difference spectra ofP700 and P430 separately in a PS-I particle called “DT175,” fraction- 
ated from pea chloroplasts using digitonin and Triton and collected at a higher centrifugal force of 175,000xg. 
The horizontal and vertical scales in Figs. 4 (A) and (B) have been adjusted for ease of comparison. The 
P700 difference spectra measured by both groups are in excellent agreement. The P430 difference spec- 
trum in Fig. 4 (A) shows a major band at 430 nm, minor negative bands at 380 and 325 nm and a small 
positive change below 270 nm, but little change in the region from about 500 to about 670 nm [see Fig. 4 
(B)]. 

It was noted early on'*’^^ that the “spectral profile” ofP430 might suggest that it is closely related to an 
iron-sulfur protein on the basis of the resemblance of its difference spectrum to that of ferredoxin. The 
spectrum reported by Shuvalov et al., with characteristic changes at 430, 445 and 717 nm, resembles 
qualitatively that of soluble spinach ferredoxin previously reported by Rawlings, Siiman and Gray^°. On 
the other hand, Oh-oka et al?"^ reported that the spectrum profile of the isolated, “native” FeS-A/FeS-B 
closely resembles the P430 difference spectrum as originally reported by Hiyama and Ke. The use of the 
phosphoroscopic photometer by Shuvalov et al. had the advantage of allowing the spectral changes to be 
observed in the same wavelength region as that of the excitation light. With this kind of instrument, an 
apparent spectral shift could be observed from 677 to 690 nm in the difference spectrum and was attrib- 
uted to an electrochromic effect caused by the perturbation of the chlorophyll molecules by the local 
electric field of P430". 

Some differences in the extinction coefficient of P430 may be noted among the two spectra. The milli- 
molar differential extinction coefficient at 430 nm in Fig. 4 (A) was estimated to be ~12±3 mM^’-cm"', 
based on the extinction-coefficient value of64 mM"'- cm'^ for P700 at 700 nm; the corresponding value 
estimated by Shuvalov et al. was larger, ~20. The reason for this difference could be due to the fact that the 
P430 difference spectrum in Fig. 4 (A) was obtained through single turnovers elicited with widely spaced, 
/js flashes, whereas that in Fig. 4 (B) was obtained by means of a phosphoroscopic photometer where 
photoaccumulation may have occurred. In the latter procedure, the reaction system underwent multiple 
turnovers through the use of rapidly repeated and longer flashes, and consequently reduced forms of both 
FeS-A and FeS-B might have been accumulated and the combined, observed AA assigned to P430. The 
larger ofthe two differential extinction-coefficient values for P430 apparently agrees quite well with the 
value of 1 9.7 mM"' -cm'' estimated recently by Oh-oka et al?'^ for isolated FeS-A/FeS-B from its reduced- 
minus-oxidized difference spectrum [refer to Chapter 29, Section III. A. and Fig. 5 therein]. On the other 
hand, BretteP* measured the difference spectrum of P430 in a PS-I particle prepared from the thermophilic 
cyanobacterium Synechococcus sp. and reported a differential extinction coefficient for P430 (at 430 nm) 
-40% lower than that shown in Fig. 4 (A). This uncertainty in the extinction-coefficient value of P430 
most likely has to do with the general uncertainty in regard to the details ofthe role ofFeS-A/FeS-B in 
photosystem I. 
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Fig. 4. (A) Ligh!-minus-dark difference spectra lor photosystem-l particles fractionated from spinach chloroplasts with digitonin (0144); (B) Light-minus-dark difference 
spectra for pholosyslem-l particles fractionated from pea chloroplasts with digltonin and Triton XI 00 (DT175). (A) from Ke (1972) The risetime of photoreduction, difference 
spectrum, and oxidation-reduction potential of P430. Arch Biochem Biophys 152: 72; (B) from Shuvalov, Klimov and Krasnovsky (1976) Primary photoprocesses in light 
fragments of chloroplasts. Molekulyanara Biologiya 10: 328. The horizontal and vertical scales of the spectra were adjusted for ease of comparison. 
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When P700'"and P430'are formed during the photochemical act in a PS-I particle, their recombination 
is, as expected, affected by temperature and may become extremely slow at cryogenic temperatures. Demeter, 
Zamaraev, Khairutdinov and this author^^ reported, depending on temperature, two qualitatively different 
types of decay kinetics for the P700 absorbance-change signal in PS-I particles immediately following 
illumination for 10 5 at 294, 281, 260 and 240 K, as shown by the traces in Fig. 5, left. Note that the time 
scale in the figure applies only to the continuously recorded portion of each trace; the decay at extended 
times was periodically registered as indicated. Time zero is the point when illumination was terminated. 

The decay ofP700'^ absorbance changes shows that the fraction of P7 00'^ decaying within some fixed 
time interval decreases with each decrease in temperature, down to 250 K. Within the temperature range 
studied, the dark decay of P700^follows exponential kinetics, as shown by the logarithmic plot of ln(ni/n,o) 
V5. time (Fig. 5, right) where n, and nt„ are the number of P700' molecules present at time t and to- The 




Fig. 5. Left. Light-induced absorbance changes accompanying P700 photooxidation and the decay of P700* in the dark in TSF-I 
subchloroplast particles at 294, 281 , 260 and 240 K. The sample was illuminated for 1 0 s in each case. The time scale only applies to 
the continuously recorded portion and starts at the termination of illumination. At subsequent points in time the sample was exposed to 
the measuring beam for 1 0 s to register the new level of absorbance. Right. Upper panel: plot of P700* decay vs. time. Time to was 
chosen to be 1 2.5 s after the termination of illumination. Lower panel: plot of dependence of the rate constant on the reciprocal of the 
temperature 1 FT. Figure source: Ke, Demeter, Zamaraev and Khairutdinov (1 979) Charge recombination in photosystem I at low tem- 
peratures. Kinetics of electron tunneling. Biochim Biophys Acta 545: 269. 






516 



kinetics represented by these plots are consistent with the relationship of n,=n,o-exp[-k(t-to)] where to was 
chosen to be 12.5 s after the termination of illumination. 

With reference to the Arrhenius equation, k=ko’6xp[-£A/RT] or In k=In ko-^A^RT^the activation energy 
£a for P700'^ decay in the 294-240 K region was calculated from the slope of the plot of In k V5. 1/T to 
have a rather large value of 16,000 cal/mol, giving the rate constant, A: = i0’®-exp(-16,000/RT) a*'. 

The P700^ decay kinetics below -240 K (not shown) was more complex. The decay kinetics were 
usually biphasic, consisting ofa very rapidly and a very slowly decaying portion with some variation in the 
amplitudes ofthe two components, but generally in the ratio of 3:1 [see the 240 K signal in Fig. 5 and that 
at 86 K in Fig. 8 (A) below]. Similar biphasic decay kinetics were observed by Shuvalov, Klimov and 
Krasnovsky^^ in low-temperature, light-induced P700 absorbance changes. We suggest that the very rapid 
decay component may represent the fraction of electrons that were transferred at very low temperatures of 
illumination only as far as an acceptor located prior to P430, and that its recombination with P700' is quite 
rapid even at cryogenic temperatures. The much slower decay due to recombination of P700* and P430" 
was found to be either exponential (<80 K) or near-exponential (80-220 K). The switch-over ofthe overall 
pattern of P700'^ decay near 250 K was attributed to a phase transition in the sample. The change in the 
behavior ofthe recombination kinetics at the point at which the proposed phase transition occurs may arise 
from either a change in the long-range structural arrangements or in conformational states ofthe reactants. 
The exponential kinetics for P700^ decay below 220 K has been interpreted as evidence for a broad 
rectangular distribution ofthe population of(P700*- ■ • P430") pairs over some parameter, of which the 
rate constant k is an exponential function. The distribution ofthe rate-constant values may be accounted 
forby different environments around, or different mutual orientations of, the reacting species P700''and 
P43 0~, or by different distances between them in different reacting pairs . The fact that charge recombina- 
tion is observed at such low temperatures, when diffusion ofP700' and the reduced acceptor molecules in 
chloroplasts would be extremely improbable, strongly suggests that the recombination most likely takes 
place by way of electron tunneling. 



IV.C. Redox Potential of P430 

The wide gap between the redox potentials ofP700'^ and P430“ would seem to make charge recombina- 
tion very likely. A species like P430" with a highly negative redox potential is also expected to be sensitive 
toward oxygen. However, this does not appear to be the case, suggesting that P430 may be embedded in 
the interior ofthe protein subunit ofthe reaction center and thus shielded from oxygen. 

The high reducing power associated with the primary reductant of photosystem I has come to be recog- 
nized based on the findings that chloroplasts are capable of reducing various, highly electronegative viologen 
dyes. In fact, the approximate redox potential ofP430 may be estimated from its ability, or inability, to 
reduce certain exogenous electron carriers, including the viologens. Various dyes that were used as second- 
ary exogenous electron acceptors for P430" are presented in Fig. 6, together with their redox potentials 
and reaction-rate constants. From these values, the redox potential of P430 was estimated to be between 
-500 and-600 mV. 

iV.C. 1. Determination of the Redox Potential of P430 (and P700) at Ambient Temperature 

Similar to the type ofredox titration we have discussed elsewhere, the redox potential of either ofthe 
reaction partners involved in a charge-separation process may be estimated by monitoring light-induced 
absorbance changes as a function ofthe redox potential imposed on the reaction medium. The redox poten- 
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Fig. 6. Summary of the standard oxidation-reduction potentials of several dyes and the experimentally determined rate constants for 
their reduction by P430". [DP, dipyridyls, preceded by the redox-potential values; M(B)V, methyl (benzyl) viologens; ST, safranine T ; 
MB, methylene blue]. Figure source: Ke (1 973) The primary electron acceptor of photosystem 1. Biochim Biophys Acta 301 ; 29. 



tial ofthe two reaction partners participating in the photochemical charge separation process in the case of 
PS-I reaction center may be obtained by gradually changing the potential imposed on the system so as to 
either chemically oxidize the electron donor or chemically reduce the electron acceptor and then monitor- 
ing at each stage the effect on the respective species by measuring the associated light-induced absorbance 
change. The basic premise is that the amplitude ofthe absorbance change will be attenuated as one or the 
other ofthe reaction partners is converted into its photo-induced state by chemical means prior to photo- 
excitation ofthe sample. 

Shuvalov, Klimov and Krasnovsky^^ determined the redox potential of P430 by monitoring the effect of 
redox potential on the amplitude of the light-induced absorbance changes due to P430 photoreduction at 
444 nm (near an isosbestic point of P700), in a PS-I particle (DT175) at ambient temperature. Similarly, 
the redox potential for P700 was determined by measuring light-induced absorbance changes at 700 nm at 
different redox potential to chemically alter the fraction of P700 present in the reduced state before photo- 
excitation. Both titration results are shown in Fig. 7. 
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Fig. 7. Dependence of the amplitudes of light-induced absorbance 
changes due to P700 oxidation measured at 700 nm (plot on the left 
side) and P430 reduction measured at 444 nm (plot on the right 
side). Figure source: Shuvalov, Klimov and Krasnovsky (1 976) Pri- 
mary processes in light fragments ofchloroplasts. Molekulyanaya 
BiologiyalO: 329. 
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The results on the redox potential of P700 have already been discussed in Chapter 28, Section IV and, 
as can he seen in Fig. 7, the value turns out to he +493 mV. On the right side ofthe figure, it can he seen 
that at first the ahsorhance-change amplitude remained unchanged when the potential was decreased from 
-430 to -500 mV, hut began to decrease below -500 mV, withjust 50% ofthe signal remaining at -550 mV. 
It is of interest to note that the redox-potential value estimated from the room-temperature absorbance 
changes is nearly the same as that estimated for the membrane-bound, iron-sulfur center FeS-A by direct 
chemical titration and monitored by EPR spectroscopy at cryogenic temperature. The significance ofthe 
similarity between the redox-potential values ofP430 and the iron-sulfur centers will be discussed in the 
following section. 

IV.C.2. Determination ofthe Redox Potentiai of P430 at Cryogenic Temperature 

Making use ofkinetic profiles oflight-induced absorbance changes in the PS-I charge-separation reac- 
tion in photosystem I at cryogenic temperatures, Ke, Dolan, Sugahara, Hawkridge, Demeter and Shaw^^ 
undertook to determine the redox potential ofP430. Light-induced signals in both the optical and EPR 
spectra ofP700 were measured at 86 K as a function ofthe imposed potential. 

The light-induced absorbance-change signals at 700 nm at several potentials are shown in the first half 
ofthe left panel in Pig. 8 (A). As mentioned earlier in Section IV. B, the decay ofP700* at low temperature 
is biphasic. The amplitude of the rapid-decay phase, which amounts to -20-25% of the total change 
observed when P430 is fully oxidized (at -314 mV), stayed constant over the wide range of potentials 
imposed on the sample. Only the extremely slowly decaying (virtually irreversible) component of re- 
reduction of P700^ was affected by the redox potential imposed on the sample. At the most negative 
potential, namely -600 mV, the residual signal was almost exclusively ofthe rapidly-decaying type, as 
shown by the light-induced AA signals measured at several wavelengths on an expanded time scale in the 
right half ofthe left panel in Pig. 8 (A). 

The titration curve, shown in the right panel of Pig. 8 (A), was constructed from the amplitude ofthe 
slowly-decaying signal vs. potential. The midpoint potential for the species being chemically reduced and 
thus eventually unavailable to participate in the photochemical charge separation was estimated to be 
- -530 mV, which is identical to the value obtained by reductive EPR titration ofPeS-A. 

A parallel titration ofTSP-I particles but using electrochemical generation of reduced mediators was 
followed by monitoring the amplitude ofthe EPR signal ofP700^ formed by illumination as well as the 
change in its decay kinetics. These results are shown in the left panel ofPig. 8 (B). The P700 ’ EPR signal 
measured under illumination appears to correspond to the composite optical signal consisting of both 
slowly and rapidly decaying portions, as shown by kinetic profiles on the right side ofthe left panel in Pig. 
8 (B), profiles that are identical to those ofthe optical signal (for P700*). The EPR titration curve con- 
structed from the slowly-decaying component ofthe EPR signal was very similar to the optical titration 
curve shown in Pig. 8 (A), right panel, with a midpoint potential estimated to be about -530 mV [see Pig. 
8 (B), right panel]. 

Note that pH 1 1 was used for the purely chemical titration in Pig. 8 (A) in order to reach a sufficiently 
negative potential while in the electrochemical titration in fig. 8 (B) pH 9.5 was sufficient to extend the 
potential to -700 mV. Previously, Lozier and Butler^'* had performed a redox titration ofthe PS-I reaction 
and obtained results very similar to those shown in Pig. 8 (A). These workers, using the Clostridial HJH'f 
hydrogenase system as the reductant and l,l'-trimethylene-2-2'-dipyridylium dibromide as the mediator, 
achieved specific potentials by gradually varying the pH between 8 and 10 to effect reduction ofthe 
photosystem-I electron acceptors. 
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Fig. 8. (A) Redox titration of PS-1 particles (TSF-I) at pH 1 1 monitored by light-induced absorbance changes at 86 K. Absorbance- 
change signals at selected potentials are shown in the first panel. On the right side of the first panel are shown the residual, rapid-decay 
signals measured at 700, 690 and 430 nm with the sample at -600 mV and presented on an expanded time scale. The right panel is a 
plot of the slow-decay component at 700 nm w. the imposed redox potential. (B) shows the results obtained under illumination from a 
parallel electrochemical titration of TSF-I particles showing the effect of an imposed potential on the EPR spectrum of P700* obtained 
under illumination (left column of left panel) as well as profiles measured at the high-field peak of the P700* EPR signal (right column of 
left panel). The right panel in (B) presents the effect of imposed potential on the amplitude of the slowly-decaying (virtually irreversible) 
portion of the P700* EPR signal. Figure source: Ke, Dolan, Sugahara, Hawkridge, Demeter and Shaw (1977) Electrochemical and 
kinetic evidence for a transient eiectron acceptor in the photochemical charge separation in photosystem /, in Photosynthetic 
Organelles (Special Issue of Plant & Cell Physiology) p 1 93, 1 94. 



IV. D. Correlation between P430 and the Membrane-Bound Iron-Sulfur Protein(s) 

The simultaneous and independent finding of membrane-bound, iron-sulfur proteins by EPR spectros- 
copy'^ and the spectral species P430 by optical spectroscopy'^, and their proposed assignment to the role 
of primary electron acceptor of photosystem I naturally led to further inquiries about the relationship 
between the two spectral species. 

In principle, a definitive identification ofthe optically detected species P430 and the species responsible 
for the EPR, iron-sulfur signal would be best made with spectro-kinetic measurements. However, this 
approach is limited by the fact that although spectro-kinetic measurements may be performed on the 
optical species P430 with relatively high time resolution, in spite of its rather small extinction coefficient. 
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the EPR signal of iron-sulfur protein is detectable only at temperatures < 15 K, where the relevant decay 
times are prohibitively long. Nevertheless, we will cite some experimental results reported thus far that 
may bear on this question and show that the conclusions drawn from these experiments largely support the 
notion that P430 and FeS-A are the same species, differing only in the mode of detection being employed. 

Participation of P430 and FeS-A in the photochemical charge separation and its dark recombination. 
There is already ample spectro-kinetic evidence to suggest that P700 and P430 participate in the early 
stages of photochemical charge separation and act as partners in charge recombination. It might therefore 
be expected that the onset times for the formation of the two species and their decay kinetics by way of 
recombination should be the same. As illustrated in Fig. 9 (A), the onset times for the EPR signals at 13 K 
arising from P700 photooxidation and from the photoreduction of the iron-sulfur protein FeS-A [moni- 
tored atg = 1.86] were both rapid and in fact not resolvable with the admittedly rather limited time 
resolution of the EPR spectrometer used. At this low temperature, both changes were, as expected, prac- 
tically irreversible within the time span examined. 

As noted earlier in Section IV. B. in the discussion of light-induced optical absorbance changes ofP700 
and P430, the photochemical formation ofP700^ and P430" is essentially irreversible at very low tempera- 
tures as shown by the behavior of the EPR signals. Even though it is known that recombination at some 
measurable rate may take place at moderately low temperatures, the EPR signal of the iron-sulfur protein 
is only detectable at temperatures < 15 K and therefore continuous monitoring ofthe decay kinetics at such 
low cryogenic temperatures was not attempted. 

Based on knowledge derived from the decay behavior of light-induced optical absorbance changes in 
photosystem I at low temperatures, some relatively simple experiments were carried out by this author, in 
collaboration with Helmut Beinert, in an attempt to correlate P430 with the iron-sulfur protein EPR sig- 
nals. Since the EPR signals of both P700’ and reduced iron-sulfur protein are completely stable at 13 K, 
one could study their decay by first illuminating the PS-I particle at 13 K [see Fig. 9 (A)], then rapidly 
bringing the sample to some selected higher temperature at which a recombination would be expected 
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Fig. 9. (A) Light-induced EPR changes due to P700 photooxidation and FeS-A photoreduction at 1 3 K. (B) EPR spectra of P700’ and 
FeS-A" after the PS-I particles had been illuminated at 1 3 K for 20 s (top row) and after the illuminated sample had been maintained at 
1 75 K for 6 m and then recooled to 1 3 K (bottom row). (C) plot of loss of EPR signals of P700* and FeS-A' measured after exposure to 
various temperatures for various amounts of time [see table (D)]. Figure source: Ke, Sugahara, Shaw, Hansen, Hamilton and Beinert 
(1 974) Kinetics of appearance and disappearance of light-induced EPR signals ofP700' and iron-sulfur protein(s) at low temperatures. 
Biochim Biophys Acta 368; 405, 406, 
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to occur to some extent, depending on the amount of time the sample was held at that temperature, and then 
rapidly refreezing the sample to 13 K where the remaining P700* and reduced iron-sulfur protein EPR 
signals could then be measured. Fig. 9 shows one such experiment. The two EPR spectra in the top half of 
the panel in Fig. 9 (B) show the P700^ and FeS-A“ signals formed by 20 seconds of illumination at 13 K. 
The sample was then held at 175 K to allow some recombination to occur and then rapidly returned to 
13 K, where the back reaction is, so to speak, put on hold. The corresponding EPR spectra were then 
measured again. From the two sets of spectra shown in Fig. 9 (B), it was calculated that 63% of both the 
P700' and FeS-A“ initially formed by illumination at 13 K decayed after being exposed to 175Kfor6 
minutes. The results from these experiments agreed with the values expected from the continuous decay 
kinetics of P700^ measured by optical spectroscopy. 

Fig. 9 (C) shows a plot of data points obtained in a manner similar to that illustrated in panel (B) but at 
other temperatures ranging from 13 to 225 K and for times ranging from 25 5 to 10 m, as tabulated in Fig. 
9 (D). In Fig. 9 (C), the percentages ofP700" lost (•) andreduced FeS-A“ lost (o) agree well with the 
expected values derived from the decay kinetics monitored by optical spectroscopy (cf. Fig. 5). Thus, the 
close match between the dark decay of both species supports the notion that reduced iron-sulfur protein 
FeS-A is the component that is recombining with P700'^. 

Correlation based on absorption spectra. This approach, even though considered as indirect, has pro- 
vided extensive and convincing evidence for the correlation. The light-minus-dark difference spectra of 
P430 measured by Hiyama and Ke^^ [see Figs. 2 and 4 (A)] and by Shuvalov, Klimov and Krasnovsky^® 
[see Fig. 4 (B)] show a close resemblance to that of ferredoxin and iron-sulfur proteins in general. It should 
be noted that, because ofthe experimental uncertainties mentioned earlier, a quantitative stoichiometric 
correlation between the species responsible for the difference spectra for P430 and the membrane-bound 
iron-sulfur protein has not yet been established. 

A P430 analogue in green sulfur bacteria. As discussed earlier in Chapter 1 , the reaction centers of 
green sulfur bacteria and heliobacteria are similar to that of photosystem I in their all having iron-sulfur 
proteins as electron acceptors. The three iron-sulfur proteins FeS-X, FeS-A/FeS-B in both photosystem I 
and green sulfur bacteria have been extensively characterized by EPR spectroscopy. The similar nature of 
the two photosystems is illustrated in the upper part of Fig. 10. Since, as now known, electron transfer 
along the earlier members ofthe acceptor chain takes just nanoseconds and only the reduced terminal 
member [FeS-A/FeS-B] (or P430) has a lifetime sufficiently long, tens of milliseconds or more at room 
temperature, to be detected with /us or ms resolution and it was the earliest acceptor to be recognized and 
was initially designated the “primary” electron acceptor ofphotosystem I. PS-I reaction centers, however, 
have one unique characteristic, namely, the secondary endogenous electron donor (the copper protein 
plastocyanin) to the primary electron donor (P700) is solubilized during the preparation ofthe reaction- 
center particle. Consequently, the oxidized P700"" and the reduced terminal acceptor [FeS-A/FeS-B] or 
P430- are left to participate in the recovery process. One recovery route, namely, charge recombination, 
which has been described previously in section III above and panel (A) ofFig. 3, is reproduced in Fig. 10, 
top left, to facilitate comparison ofthe two photosystems. 

The corresponding situation in the reaction center of the green sulfur bacteria, Chlorobium, which is 
designated as “C-RC” here, is illustrated in Fig. 10, top right. Two features in the green-bacterial reaction 
center that are different from photosystem I may be noted. One is that the secondary electron donor to the 
photooxidized primary donor P840 ' , namely, cytochrome C551, remains bound to the membrane ofthe 
detergent-fractionated particle and photochemically active. Fast electron donation by the cytochrome to 
photooxidized P840^ generally results in the detection of oxidized CytC557^andreduced[FeS-A/FeS-B] 
orC-PdSO”" [the prefix “C” is used to specify the Chlorobium origin ofP430] when measured with ^-to 
ms time resolution. 
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(Ao-A,-C-FeS-X)-[C-FeS-A/C-FeS-B]' 
[C-P430' 
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Fig. 10. Top: Charge recombination reactions in photosystem I (left) and in the reaction center of green-sulfur bacteria (right). Bottom: 
Flash-induced absorbance changes and kinetics of charge recombination in the dark. [The left panel is reproduced from Fig. 3 (A). Data 
in lower, right panel are taken from Kusumoto, Inoue and Sakurai (1995) Spectroscopic studies of bound cytochrome c and an iron- 
sulfur center in a puriTied reaction center from the green sulfur bacterium Chlorobium tepidum. Photosynthesis Res 43; 1 09. 

In the case of recombination such as that shown in the lower panels ofFig. 10, both reacting compo- 
nents have identical kinetics, and of course it is not feasible to assign the amount ofthe contribution due to 
each ofthe two components. However, as described earlier for P430 ofphotosystem I, the differentiation 
ofthe absorbance changes due to each ofthe two components could be accomplished by maneuvering the 
two charged species into different reaction pathways with different decay kinetics. This was done in the 
case ofPS-I reaction centers by allowing the reactants to undergo a noncyclic-electron-flow pathway as 
shown earlier in Fig. 3 (B). 

Kusumoto, Inoue and Sakurai^^, using an active reaction-center complex isolated^^ from the green sul- 
fur bacterium Chlorobium tepidum, devised a reaction pathway for photoaccumulatingC-P430“,as illus- 
trated in the upper part of Fig. 1 1 , left. They used mPMS [ 1 -methoxy-5-methyl-phenazonium methyl 
sulfate, a versatile, stable and efficient electron-transfer mediator discovered by Hisada and Yagi^’] to 
intercept the oxidizing equivalent from Cyt C55I*^ whereby the rapid re-oxidation ofC-P430~ was pre- 
vented. In the presence of2 pM mPMS, the decay kinetics of flash-induced absorbance changes were 
clearly modified from those shown for the usual recombination pathway, as shown in the upper right part 
ofFig. 11. At 430 and 435 nm, Cyt C551 and C-P430 make different contributions to the decay, whereas 
at 551 nm, signal was almost exclusively due to Cyt C551. 
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Fig. 11. Top left: Description for a reaction pathway in which C-P430" is photoaccumulated in the reaction center of green-sulfur 
bacterium Chlorobium tepidum in the presence of 2 pM mPMS. The right panel shows flash-induced absorbance changes of charge 
recombination in the dark. Lower left panel shows various light-induced difference spectra: (a) the maximum flash-induced absorbance 
change in the absence of m-PMS; (b) spectrum of the m-PMS independent component; (c) Is (b) expanded 5-fold. Both panels are 
reproduced from Kusumofo, Inoue and Sakurai (1995) Spectroscopic studies of bound cytochrome c and en iron-sulfur center in a 
purified reaction centerfrom the green suifur bacterium Chlorobium tepidum. Photosynthesis Res 43: 109. 

Thus by measuring decay kinetics over a wide range of wavelengths, it was possible to plot two separate 
difference spectra: one for the total change involving both Cyt C551 and C-P430, taken from the initial 
absorbance decrease of each flash-induced absorbance change, either in the absence or in the presence of 
mPMS. A plot of the amplitude of the slowly decaying portion of the flash-induced absorbance changes in 
the presence of 5 pM mPMS yielded a pure difference spectrum for C-P430 alone [see Fig. 11, left, 
bottom]. Details of the C-P430 difference spectrum can be seen better in spectrum (c) after five-fold 
expansion of spectrum (b). A pure difference spectrum for Cyt C551 [not shown] may be obtained by 
subtracting the difference spectrum ofC-P430 from that of the total change [(a)-(b)]. Note that spectrum 
(a) shows a strong difference band at 420 nm (the Soret band) and the smaller a- and P-bands at 55 1 and 
520 nm, respectively, characteristic of the cytochrome. The differential millimolar extinction coefficient 
forC-P430 at 435 nm was estimated to be 10 mM''-cm which is comparable to the corresponding value 
for P430 ofphotosystem I. 

Like P430, reduced C-P430 can transfer electrons to dyes with highly negative redox potentials such as 
benzyl and methyl viologens, as evidenced by the modification of the decay kinetics of C-P430 in the 
presence of these dyes^®. These results would place the redox potential of C-FeS-A/C-FeS-B, or C-P430, 
also in the range of-500 to -600 mV, again comparable to the photosystem I counterpart. 
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In conclusion, then, it may be stated that a correlation between P430 and FeS- A/FeS-B in photosystem 
I still lacks definitive, d/rectkinetic evidence. As mentioned earlier, the inherent difficulty for this problem 
lies in the lack of optical spectral specificity on the one hand and the limitation of time resolution and 
temperature in the EPR technique on the other. The necessary but not yet sufficient evidence derived from 
absorption spectra, the correlation found from somewhat unrefined kinetic studies, plus the finding of an 
analogous iron-sulfur protein and its correlation with the newly measured C-P430 in green sulfur bacteria, 
all make a correlation between the two species reasonable. Furthermore, as discussed in detail in Section 
IV. C. ofChapter 29, the recent kinetic-spectrophotometric measurements of Vassiliev et a/.^^and the more 
recent work of Shinkarev et al.^^ have provided additional strong support for the FeS-X— >FeS-A-»FeS-B 
transfer sequence. 
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This chapter deals with another electron carrier on the reducing side of the electron-transfer chain of 
photosystem I, namely, the iron-sulfur center FeS-X (also abbreviated as “Fx” in the literature). As 
described below, studies indicate that it is a [4Fe*4S] cluster that is uniquely in being coordinated to both 
the two major polypeptide subunits PsaA and PsaB that make up the protein heterodimer of the PS-I 
reaction center. For reference, we show in Fig. 1 a model of the location of this electron carrier in the 
photosystem-I reaction center, in terms of both its physical locale (A) and its position in the electron- 
transport chain (B). 
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Fig. 1. Location of the intermediary electron acceptor FeS-X (a [4Fe*4S] cluster) in the reaction center of photosystem I (A) and in 
the sequence of electron acceptors (with the years of their discovery shown) (B). 



I. FeS-X and its Spectral Properties 

In 1974, McIntosh, Chu and Bolton^ observed a small, reversible, light-induced absorbance change 
due to P700 in spinach PS-I subchloroplast particles where the terminal electron acceptor(s) FeS-A/FeS- 
B were fully reduced chemically beforehand. While a reversible, light-induced EPR signal change in- 
volving P700 and FeS-A/FeS-B is not expected under these conditions, a reversible, light-induced EPR 
signal, with a kinetic behavior similar to that of the residual P700 signal, was detected at 6 K with 
prominent g- values of 1.75 and 2.07 when high microwave power, high gain, and large modulation 
amplitude were used. These observations led McIntosh et a/.' to suggest that this unknown EPR species 
may be a possible candidate for an early electron acceptor of photosystem I, possibly preceding EeS-A 
and EeS-B. 



LA. EPR Spectrum of FeS-X 

The nature of this newly observed EPR species and its possible role as an electron acceptor were 
clarified shortly afterwards by the experimental results ofEvans, Sihra, Bolton and Cammack^ shown in 
Pig. 2. The authors first treated a sample ofpurified spinach PS-I particles with dithionite (S 2 O 2 ") at pH 
9 to reduce the membrane-bound iron-sulfur proteins PeS-A/PeS-B before freezing it in the dark. EPR 
spectra ofthe sample were then recorded at a microwave power of20 mW at 18 K and again at 100 mW 
at 9 K, with the results shown in panels (A) and (B) of Pig. 2. The EPR spectra measured at 20 mW and 
18 K first in the dark, then under illumination and then again in the dark all showed nearly the same 
spectra, namely, of a chemically reduced iron-sulfur proteins PeS-A/PeS-B [see Pig. 2 (A), left side], 
except for a light-induced, reversible free-radical signal atg = 2.0, suggesting that P700^ was formed in 
the light and then disappeared in the dark after illumination. This light-induced formation of P700'^ and 
its decay in the dark are further illustrated by the light-induced EPR changes measured atgs 2.0 at four 
times higher gain [see Pig. 2 (A), right side]. 

The corresponding EPR spectra measured at 1(X) mW microwave power and 9 K are shown in Pig. 2, 
panel (B). Under these conditions, a new EPR signal with g-value of 1.75 could be detected under 
illumination [see EPR traces in panel (B), center]. (Any P700’ EPR signal was largely suppressed due to 
power saturation.) The kinetic traces at right show that this new, light-induced EPR signal atg=1.75 
appeared under illumination and disappeared after light was turned off. Thus, the results reported here 
and those reported earlier by McIntosh et al.^ are consistent with the notion that the EPR spectrum at 
g=l .76 represents an intermediary electron acceptor (initially called “X,” later simply Fx, and FeS-X in 



Chapter 31 The Iron-Sulfur Center FeS-X of Photosystem I 



529 



this book) which is presumably closer to P700 than the bound FeS-A/FeS-B and serves as the electron 
acceptor for P700 when FeS-A/FeS-B are in the chemically reduced state. In the absence of any other 
effective reductant for P700, the reduced FeS-X" can readily recombine with P700* in the dark, even at 
cryogenic temperatures, i.e., 

[P700 *-« FeS-X]-(FeS-A/FeS-B)” + hv~^ [P700^ »-» FeS-X ]-(FeS-A/FeS-B)‘ 

AT k’ 

charge recombination in the dark 

In the formulation for the PS-I core complex [P700’*'*-FeS-X.], the heavy dots (•) are used to represent 
two other earlier acceptors A(> and Aj, whose existence is not known at this time. 



(A) (B) 






(C) 

(a) [P700- • • • FeS-X] (FeS-A/FeS-B)- 

(b) [P700*- • • • FeS-X' ]-(FeS-A/FeS-B)- 
(b) - (a) - 

[P700*-P700] + [FeS-X'-FeS-X] 

(4x more gain) 



Fig. 2. EPR spectra at left in (A) and (8) were obtained with Triton-fractionated spinach PS-I particles previously exposed to 
dithionite at pH 9.0 to fully reduce the membrane-bound FeS-A/FeS-B proteins in the dark before freezing. EPR spectra were 
measured at 18 K and 20 mW microwave power (A) and at 9 K and 100 mW (B). In each case, spectra were taken before, during 
and after illumination. Light-induced EPR changes [LI-AEPR] were measured at g=2.0 and g=1.76, as shown on the right side of 
panels (A) and (B), respectively; (C) EPR spectra of PS-I enriched, membrane fragments of Chlorogloea fritschii whose FeS-A/ 
FeS-B was chemically reduced by dithionite [spectrum (a)]; the same sample but with SjO/ plus methyl viologen and frozen 
under intense illumination [spectrum (b)]; spectrum (c) = [(b)-(a)]x4. Figure source: (A) and (B) Evans, Sihra, Bolton and Cammack 
(1975) Primary electron acceptor complex of photosystem I in spinach chloroplasts. Nature 256: 668; (C) (EH) Evans, Cammack 
and (MCW) Evans (1976) Properties of the primary electron acceptor complex of photosystem I in the blue green alga Chlorogloea 
fritschii. Biochem Biophys Res Commun 68: 1215. 
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The new EPR spectrum due to reduction ofX (or“FeS-X”), i.e., FeS-X -FeS-X, has also been ob- 
tained by (EH) Evans, Cammack and (MCW) Evans^ for the PS I-enriched membrane fragments iso- 
lated from the cyanobacterium Chlorogloea fritchii. The EPR spectrum of the sample whose FeS-A and 
FeS-B were completely reduced chemically in the dark is shown in spectrum (a) ofFig. 2 (C). Freezing 
the same dithionite-treated sample in the presence of methyl viologen under intense illumination re- 
sulted in the reduction ofFeS-X also; its EPR spectrum is shown as the difference EPR spectrum [spec- 
trum (c), Fig. 2 (C)] obtained by subtracting spectrum (a) from (b). It might be noted that while the 
spectrum of X is similar to that of an iron-sulfur protein, the g-values (2.08, 1.88 and 1.78), the linewidths, 
and microwave-power saturation characteristics clearly distinguish it from other low-potential iron- 
sulfur proteins. The temperature dependence of the FeS-X signal is also different at non-saturating power 
levels. 



I.B. Absorption Spectrum of FeS-X 

The optical absorption spectra and spectro-kinetic behavior of PS-I particles under similar reducing 
conditions were independently examined by Sauer, Mathis, Acker and van Best"^ and by Shuvalov, Dolan 
and Ke^. It was shown by Sauer et al.'^ that in the PS-I particle whose FeS-A/FeS-B was reduced chemi- 
cally beforehand, the ~30 ms recombination time between P700* and [FcS-A/FeS-B]~atroom tempera- 
ture was replaced by a much shorter time of~250 ps, presumably due to recombination between P700' 
and the photoreduced, earlier acceptor X”, or FeS-X'. They were able to construct a light-minus -dark 
difference spectrum which appeared to consist of changes due to photooxidation ofP700 plus a compo- 
nent resembling P430, which they designated “A 2 .” 

An optical spectroscopic confirmation for assigning the EPR spectrum to an iron-sulfur-protein was 
provided by Shuvalov et al.^ who isolated the difference spectrum ofFeS-X. (to avoid confusion in 
terminology, we will use FeS-X from now on, in place ofX, F^, or A 2 .) It was demonstrated that when 
the TSF-I particles first were poised at -625 mV in the dark to chemically reduce FeS-A/FeS-B, subse- 
quent illumination at room temperature caused a direct photoaccumulation of the reduced form of the 
earlier electron acceptor FeS-X: 

[P700-»-* FeS-XKFeS-A/FeS-B)'+ hv [P700* « « FeS-X“HFeS-A/FeS-B)' 

i + e~ 

[P700 - » FeS-X ]-(FeS-A/FeS-B)- 

The difference spectrum, obtained by lO-i’ illumination in a phosphoroscopic photometer®, represents 
that due to the photoaccumulation of FeS-X', as shown in Fig. 3 (A). The spectral profile, with broad 
bleaching from 400 to -550 nm is typical of the reduction of an iron-sulfur protein. This difference 
spectrum is also reminiscent of that for P430. No bleaching occurred at 700 nm, confirming that P700 
was maintained in the reduced state. Absorbance changes in the 670-720 nm region probably reflect an 
electrochromic shift in the absorption spectrum of some chlorophyll molecules induced by the electric 
field associated with reduced FeS-X". A corresponding electrochromic shift in the 420-nm region may 
have caused some distortion ofpart ofthe FeS-X difference spectrum. Shuvalov et al.^ also showed that 
when TSF-I particles poised at -625 mV were frozen to 5 K in the dark, subsequent excitation with 710- 
nm dye -laser flashes produced absorbance changes near 700 nm with a biphasic decay, one component 
of which decayed with a ty, of -130 ms and was attributed to charge recombination of P700^ with re- 
duced FeS-X, which was presumed to correspond to the species “Ai” that decayed with ty^ of250 /js at 
room temperature as reported by Sauer et al.'^. 
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(A) Shuvalov. Dolan and Ke (1979) Spectral and kinetic evidence 
for two early electron acceptors in photosystem I. 
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Koike and Katoh (1 982) Spectral features of the acceptor 
Aj of photosystem I. Photochem Photobiol 35: 528 

Parrett, Mehari, Warren and Golbeck (1989) Purification and 
properties of intact P700 and Fycontaining photosystem I 
protein. Biochim Biophys Ada 973: 329 



Fig. 3. (A) Room-temperature, light-minus-dark difference spectrum (small dots) obtained by photoaccumulation of FeS-X' in 
TSF-I particles poised at -625 mV. For reference, difference spectrum for P700 photooxidation is also shown (in large dots). (B) 
Difference spectrum of FeS-X (open symbols) obtained by subtracting the difference spectrum for P700 oxidation from that for 
P700 photooxidation plus FeS-X photoreduction. Open-circle and open-triangle data points are for FeS-X from separate experi- 
ments. (C) Difference spectrum (closed symbol) for FeS-X obtained using the PS-1 core complex that is devoid of FeS-A/FeS-B by 
subtracting the P700 difference spectrum from the composite spectrum consisting of both P700 and FeS-X changes. The wave- 
length scales for (B) and (C) are aligned with that for (A). 

Later, Koike and Katoh^ measured light-induced absorbance changes in membrane fragments of the 
thermophilic cyanobacterium Synechococcus sp. in the presence ofdithionite at pH 10. They observed 
absorbance changes with a decay A/, of~300 /is at room temperature, and ascribed them to P700 photo- 
oxidation and FeS-X photoreduction. These authors obtained the difference spectrum for [FeS-X~-FeS- 
X] indirectly by subtracting the difference spectrum of [ P700’ -P70C ] from the total difference spectrum. 
The FeS-X difference spectrum obtained in this manner is shown in Fig. 3, panel (B). The difference 
spectrum for [P700^- P700] is shown in all three panels for reference purposes. 

The difference spectrum ascribed to FeS-X by Koike and Katoh shows abroad bleaching between 410 
and 475 nm, with negative bands at 420, 440 and 460 nm and a very slight positive change at 480 nm. A 
similar difference spectrum for FeS-X was also obtained by Koike and Katoh with Synechococcus frag- 
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ments by photoaccumulation in the presence of dithionite plus neutral red as a mediator. The difference 
spectrum showed bleaching at 420 and 440 nm, very similar to the difference spectrum of soluble ferre- 
doxin. For some reason, possibly differences in the nature of the experimental materials from spinach^ 
and cyanobacterium^, electrochromic shifts were seen in the former but not in the latter. 

The difference spectrum for FeS-X was also measured by Parrett, Mehari, Warren and Golbeck^ in 
1989 using a PS-I core complex isolated from the cyanobacterium Synechococcus PCC 6301 (Anacystis 
nidulans). This PS-I core-complex, in which FeS-A/FeS-B has been physically removed, will be dis- 
cussed further in Section IV. C. below. In this core complex, devoid of FeS-A/FeS-B, the role of termi- 
nal electron acceptor is played by FeS-X, and P700"^ recombines with FeS-X" in 1.2 ms at room tempera- 
ture. Similar to the case of the PS-I reaction-center complex, methyl viologen can, however, intercept 
electrons from photoreduced FeS-X* in the core complex before reaching P700' and channel them to 
oxygen, leaving P700*' accumulated. However, intercepting electrons from FeS-X' in the PS-I core com- 
plex requires a much higher concentration of methyl viologen than for intercepting electrons from 
[FeS-A/B]' in the PS-I reaction-center complex. 

Parrett et al} obtained the difference spectrum of FeS-X by subtracting the P700 difference spectrum 
ofthe PS-I core complex in the presence of ascorbate, DCIP and a high concentration (2 mM) of methyl 
viologen, from the composite spectrum consisting of changes due to both P700 and FeS-X in the PS-I 
core complex when only ascorbate and DCIP are present. The difference spectrum of FeS-X obtained in 
this manner is shown in Fig. 3 (C). Again, the difference spectrum is typical of an iron-sulfur protein, 
with broad bleaching between 400 and 500 nm, the main band being centered at -430 nm. Considering 
the difference spectra obtained in three laboratories, it is worth noting that, besides some possible distor- 
tion ofthe spectrum by electrochromic shifts in one case^, the three difference spectra assigned to FeS- 
X do show some variations in the shape ofthe spectral profile. These differences remain to be under- 
stood. 

/. C. Kinetic Correlation by Optica! and EPR Spectroscopy 

We may look at another useful correlation between P700 and FeS-X by making spectro-kinetic com- 
parisons between the optical and/or EPR signals ofP700’ and the EPR signal of FeS-X .As mentioned 
above, a flash-induced optical absorbance-change signal near 700 nm with a decay time of 130-mi’ at 5 
K was considered to be due to P700^-FeS-X recombination. If this were the case, then a direct measure- 
ment ofthe kinetics of formation and decay ofthe EPR signals of FeS-X atg= 1.78 could support this 
hypothesis. The results of such an investigation were reported by Shuvalov, Dolan and Ke^. Fig. 4 (A) 
top shows the light-minus-dark EPR spectrum in the g=\ .78 region characteristic of FeS-X , produced 
under continuous illumination at 9 Kin TSF-I particles poised at -625 mV. The bottom half of the figure 
shows the flash-induced EPR changes at g=l .78, representing FeS-X->FcS-X , measured with an instru- 
ment-limited response time of 200fis. The change in EPR signal on two different time scales shows a 
single decay component with ty, of 130 ms, which is identical to that of the optical absorbance-change 
signal for the re -reduction of P700' as described above^. These data are thus consistent with the assump- 
tion that At reported by Sauer et al.'^ and the iron-sulfur center EeS-X represent the same acceptor spe- 
cies. 

An analogous correlation between theg=2.0026 EPR signal ofP700* and the g= 1.79 signal of FeS-X 
was reported by Warden and Golbeck^ with a PS-I core complex isolated from a TSF I-like particle that 
had been treated with lithium dodecyl sulfate (EDS) to remove EeS-A/EeS-B. As expected, the EPR 
signals of reduced EeS-A/EeS-B normally observed were not seen during or after illumination at 19 K, 
although a large, reversible signal due to P700' atg=2.0026 appeared. In parallel, a reversible EPR 
signal representing EeS-X reduction was observed upon illumination at 8 K. The authors demonstrated 
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that when the P700* signal atg=2.0026 and the EPR signal of FcS-X" at g=l. 79 were generated by 
continuous illumination first and then allowed to decay in the dark, both decays showed identical kinet- 
ics with a /14 of 300 ms, as shown by the decay kinetics in Fig. 4 (B). The reason for the difference 
between 300-ms decay time found here and 130-mi' decay time described above will be discussed in 
section IV.C. 





Fig. 4. (A) Top; light-minus-dark EPR spectrum of TSF-I particles poised at -625 m V and 9 K in the g=1 .78 region ([FeS-X'-FeS- 
X] spectrum); middle and bottom: kinetics of flash-induced EPR-signal at g=1.78 on two different time scales. (B) Kinetics of the 
dark decay of the of the EPR signal of FeS-X" at g=1 .79 (top) and of P700* at g=2.0026 (bottom) in an LDS-fractionated PS-t core 
complex from spinach. Figure sources: (A) Shuvalov, Dolan and Ke (1979) Spectral ar\d kinetic evidence for two early electron 
acceptors In photosystem I. Proc Nat Acad Sci, USA 76: 772; (B) Warden and Golbeck (1986) Photosystem I charge separation 
in the absence of centers A and B. II. ESR spectral characterization of center X ' and correlation with optical signal 'A^.' Biochim 
BioDhvs Acta 849: 28. 



II. Redox Potential of FeS-X 

As the newly found FeS-X may be an electron donor to FeS-A/FeS-B, it is reasonable to expect that 
FeS-X would have a more negative redox potential than FeS-A/B, and that its determination would be 
necessary in understanding its role. An indirect redox titration ofFeS-X was made initially in 1977 by 
Ke, Dolan, Sugahara, Hawkridge, Demeter and Shaw*°, who carried out the titration electrochemically 
to circumvent the need for using excessively high pH in the medium at very negative redox potentials. 
TSF-I fragments with Chl/P700 ratio of ~50 and an NADP^-reduction activity of 1500 pmols/mg Chi /r 
were used for the titration. The redox mediators included, among others, a number ofviologen dyes, the 
most negative of which (l,r-trimethy!ene-4,4'-dimethyl-2,2'-dipyridylium dibromide) has a midpoint 
potential of -670 mV. 
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As pointed out in Chapter 30 and Fig. 8 therein, when the light-induced EPR signal of P700’ was 
examined at 86 K, the irreversible fraction of the signal decreased as the potential became more nega- 
tive, reflecting a decrease in the amount of FeS-A/FeS-B available for photoreduction as a result of prior 
chemical reduction. When all the FeS-A/FeS-B had been chemically reduced, the EPR signal of P700 
was completely reversible, reflecting light-induced charge separation only between P700 and FeS-X 
followed by dark recombination between them. In a parallel manner, when an electrochemical titration 
was carried out with PS-I subchloroplast particles at pH 10, the reversible fraction of light-induced EPR 
change measured at the high-field peak of P700* at g=2.0026 at 15 K increased with increasingly more 
negative potential, reflecting an increase in charge recombination between P700* and the photoreduced 
(terminal) acceptor FeS-X , as shown in Fig. 5 (A). The percentage of P700’ decay is plotted v^. the 
redox potential for pH 8, 9 and 10, respectively, in Fig. 5 (B). Note that only with increasing pH, could 
the more negative potentials be reached: -640 mV at pH 8, -700 at pH 9, and -740 mV at pH 10. Below 
—600 mV, the reversible fraction remained virtually constant at about 90%. Between -600 and -700 mV 
the amplitude of theP700' signal in the light atpHs 8,9 and 10 was relatively constant over a wide range 
of potential, as shown in Fig. 5 (A) and (B). However, when the imposed potential was made more 
negative than — 700 mV the amplitude of the (reversible) P700* signal was gradually attenuated, as 
shown by the plot at pH 10 in the bottom trace ofFig. 5 (C). This portion of the plot of P700^ signal with 
decreasing amplitude may be considered as representing the (reductive) titration ofFeS-X, yielding an 
estimated midpoint potential of ~ -730 mV. 



(A) (B) (C) 




Fig. 5. Indirect redox titration of FeS-X; (A) Light-induced EPR changes of P700* in TSF-I particles as a function of redox potential 
at pH 10 and at 15 K; (B) Plot of the extent of dark decay of the EPR signals in (A) at pHs 8, 9 and 10; (C) Plot of the initial 
amplitude of the light-induced EPR changes in (A) at pHs 8, 9 and 10. Figure source: Ke, Dolan, Sugahara, Hawkridge, Demeter 
and Shaw (1977) Electrochemical and kinetic evidence fora transient electron acceptor in the photochemical charge separation 
in photosystem I, in Photosynthetic Organelles (special issue of Plant & Cell Physiol) pp. 195, 196. 

In 1982, Chamorovsky and Cammack^’ determined the redox potential ofFeS-X by directly monitor- 
ing the appearance of the EPR line at g=l .76 as a function of the imposed redox potential. A number of 
viologen dyes were used as redox mediators in an electrochemical titration carried out at pH 10. Ex- 
amples of EPR spectra of PS-I particles titrated to -680 and -749 mV are shown in Fig. 6 (A). EPR 
spectra produced by both titrated samples under illumination are shown in the same figure by dashed 
traces. As can be seen, illumination brought out the maximum amount of reduced FcS-X . As in the 
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titration done by Ke et al. shown above, even electrochemical titration could not produce sufficiently 
negative potential to completely reduce FeS-X. However, the amplitude of complete reduction can be 
estimated from the amplitude of the signal at g=1.76 produced by illuminating the sample at various 
redox potentials. Thus, it was estimated that 45 and 85% of FeS-X was electrochemically reduced at 
-680 and -749 mV, respectively. The redox-titration curve fitted to the Nernst equation for n=l yielded 
a midpoint potential of -705 mV for FeS-X/FeS-X', 125 to 175 mV more negative than those of FeS-A 
andFeS-B. 



0 = 2.1 2.0 1.9 1.8 1.7 




= (B) 




Fig. 6. Direct redox titration of FeS-X by monitoring the amplitude of light-induced EPR signal at 9 K as a function of redox 
potential. (A) EPR spectra of PS-1 particles titrated to -680 and -749 mV recorded in the dark (solid lines) and under illumination 
(dashed lines). (B) Plot of EPR signal at g=1 .76 vs. potential. The solid-line plot was calculated from the Nernst equation for n=1 
and E„= -705 mV. Figure source: Chamorovsky and Cammack (1982) Direct determination of the midpoint potential of the 
acceptor X in chloroplast photosystem I by electrochemical reduction and ESR spectroscopy. Photobiochem Photobiophys 4: 
198, 199. 

In 1989, Parrett, Mehari, Warren and Golbeck^ determined the redox potential of FeS-X also indi- 
rectly by monitoring the amplitude of the optical AA signal of P700. The room-temperature recombina- 
tion kinetics ofP700*^ and FeS-X"are much faster than those between P700' and [FeS-A/FeS-B]", hav- 
ing a/,^^ at room temperature of 1.2 ms, rather than 30-40 ms for the latter. The midpoint potential ofFeS- 
X in both the PS-I core complex and the native PS-I complex was determined, and will be discussed in 
Section III.B. and Fig. 7 below. In any event, the redox potential of FeS-X in the native PS-I complex 
was found to be substantially more positive than the values found by Ke etal.^^ and also higher than that 
found by Chamorovsky and Cammack*^ which was obtained by directly titrating the EPR line intensity 
of FeS-X. At present, differences in the estimated midpoint potential of FeS-X based on all the methods 
discussed here remain to be clarified. Chamorovsky and Cammack’^ suggested that the lower value, - 
730 mV^'*, might reflect some contribution from P700^ recombining with an even earlier acceptor, i.e., 
one with an even more negative redox potential. However, such a recombination is expected to have a 
much faster decay and in these circumstances, the light intensity used in the experiments most likely 
would not have been sufficient to give a detectable steady state concentration of P700^. 
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III. Isolation and Characterization of the PS-1 Core Complex [P700-Ao-A,-FeS-X] 

After it was established that FeS-X is associated with the PsaA/PsaB heterodimer protein, it was 
obvious that a purified PS-I preparation containing the primary donor P700 and the electron- acceptor 
chain with FeS-X as the terminal acceptor would be an experimentally useful material. With such a 
preparation, one should be able to examine the properties and reactions of FeS-X, without interference 
from FeS-A and FeS-B. Indeed, work on FeS-X flourished soon after a purified PS-I core complex 
[P700-*-«-FeS-X] became available. 



///. A. Isolation of the PS-I Reaction-Center Core Complex 

In addition to using SDS orLDS to remove FeS-A/FeS-B or the PsaC polypeptide subunit, chaotropic 
agents such as urea, NaBr, Nal, NaSCN orNaClO/, or treatment with ethylene glycol-plus-heat'^have 
also proved effective in removing FeS-A/FeS-B without denaturing the FeS-X cluster. Such a PS-I core 
complex may be readily prepared by using as the starting material the native PS-I complex [P700-*-*'FeS- 
X- FeS-A/FeS-B] fractionated from the thermophilic cyanobacterium Synechococcus sp. by Triton treat- 
ment. A typical procedure involves incubation ofthe PS-I particles in a stirred solution at 20 °C to which 
a9 M urea solution is gradually introduced until its concentration reaches 6.8 M. A small amount ofthe 
incubation solution is then withdrawn periodically, say, at 5-minute intervals and immediately dilution 
with a buffer containing ascorbate and DCIP. It is then checked for the decay time for re-reduction of 
P700'^ after a flash. Initially, the decay time is expected to be -30-40 ms, reflecting charge recombination 
only in [P700'^-»-*-FeS-X- (FeS-A/FeS-B) ]. With progressive removal ofFeS-A/FeS-B, the decay times 
should gradually become shorter as a result of increasing fraction undergoing faster recombination in 
[P700"-.-*- FeS-X-]. When all FeS-A/FeS-B has fully been removed, a process which usually takes 
about 30 minutes of incubation, the decay time should be -1.2 ms. A typical set of decay profiles of 
absorbance-change transients measured at 698 nm for P700 during the course of urea treatment of a 
sample ofPS-I particles is shown in Fig. 7 (A). The PS-I core complex, now free ofFeS-A/FeS-B may 
then be purified by column chromatography followed by sucrose-density gradient centrifugation. 

m.B. EPR and Spectro-kinetic Behavior of FeS-X in the PS-i Core Complex 

The PS-I core complex [P700-*-*-FeS-X should provide an opportunity for conveniently studying the 
properties of the FeS-X without first reducing FeS-A/FeS-B chemically. On the other hand, as shown 
below, the EPR properties as well as the kinetic behavior of the reduced FeS-X in the presence of 
reduced FeS-A/FeS-B are apparently different than in the absence of (residual) FeS-A/FeS-B altogether. 

A sample containing the core complex and both ascorbate and DCIP was frozen in the dark and the 
EPR difference spectrum between the dark sample and the sample illuminated at 6 K was then obtained, 
as shown by the upper trace in Fig. 7 (B). The spectrum has characteristic g-values at 2.04, 1.87 and 1.79, 
the same as those seen earlier in Fig. 3, except the linewidths here are -30% broader. For comparison, 
the light-minus-dark difference EPR spectrum ofthe native PS-I complex, shown by the lower trace in 
Fig. 7 (B), was obtained as the difference between the spectrum ofthe sample in the presence ofdithion- 
ite plus methyl viologen to reduce FeS-A and FeS-B and that ofthe sample after illumination. 

Similarly, the spectro-kinetic behavior of FeS-X" was also different in the core complex from that in 
the PS-I native complex containing reduced FeS-A/FeS-B. As described above, in the core complex 
FeS-X apparently recombines with P700*^ in 1.2 ms. However, in the presence of [FeS-A/FeS-B] 
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(B) (C) 




Fig. 7. (A) Time course of FeS-AfFeS-B removal from a PS-1 complex during treatment with 2 M Nal as monitored by flash-induced 
absorbance changes at 698 nm at 298 K; (B) Comparison of the light-minus-dark EPR spectra of FeS-X" in the PS-1 core complex 
[P700 » » FeS-X] (upper trace) and the native PS-1 complex [P700 » * FeS-X FeS-A/FeS-B] (lower trace); (C) Redox titration of 
FeS-X in the PS-1 core complex (upper panel) and the PS-1 native complex (lower panel) plotted with the amplitudes of the flash- 
induced absorbance changes with 25Q-/uS and 1.2 ms decay times, respectively. Figure source: (A) and (C) Parrett, Mehari, 
Warren and Golbeck (1 989) Purification and properties of the intact P700 and F ^-containing photosystem I core protein. Biochini 
Biophys Acta 973: 327, 329; (B) Golbeck (1987) Structure, function and organization of the photosystem I reaction center com- 
plex. Biochim Biophys Acta 895: 177. 

reduced FeS-X apparently recombines with P700'^ in the much shorter time of 250 /is.The difference in 
the rates of recombination between P700’ and FeS-X' in the two different environments is most likely 
attributable to the charged FeS-A7FeS-B' exerting a Coulombic charge repulsion on FeS-X , resulting 
in an acceleration of its recombination with P700*. 

The presence of reduced [FeS-A/FeS-B]" apparently also has an influence on the thermodynamic 
properties of FeS-X, as illustrated by its redox potential in the two different environments. The titration 
curve for FeS-X in the core complex shown in the upper panel of Fig. 7 (C) yielded a curve for a one- 
electron change with a midpoint potential of -610 mV, which is only slightly lower than that of the 
FeS-B cluster. By comparison, redox titration of the PS-I native complex in which FeS-A/FeS-B was 
reduced chemically by dithionite and methyl viologen yielded, as shown in the bottom panel in Fig. 7 
(C), a curve for a one-electron change but with a midpoint potential about 60 mV more negative than that 
for FeS-X in the core complex, namely -670 mV. It has been noted above that the midpoint potential for 
FeS-X in the PS-I native complex reported here is still 60-70 mV more positive than those determined 
previously but the reason for this discrepancy is not yet clear. 

III.C. Reconstitution of the PS-I Core Complex with the [FeS-A/FeS-B] Protein 

As noted above, PsaC, i.e., FeS-A/FeS-B, can be removed from the native PS-I reaction-center com- 
plex by treatment with chaotropic agents. However, it was in 1988 that Golbeck, Mehari, Parrett and 
Ikegami'^ succeeded in reconstituting the isolated PS-I core protein with isolated PsaC and obtained a 
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reconstituted complex almost identical to the control PS-1 reaction-center complex. Before going fur- 
ther, we introduce an alternative nomenclature that has been used by John Golbeck and coworkers to 
represent in abbreviated forms the various PS-1 complexes. The full description for the photosystem- 1 
reaction-center complex is 

P700 Ao'A, FeS-X FeS-A/FeS-B, which wc have also written as P700 « * FeS-X FeS-A/FeS-B 

The alternative designation used by Golbeck and others, and which we will also use here for the PS-1 
reaction-center complex and the various core complexes formed by the successive removal of the termi- 
nal acceptors includes only the primary donor P700 and the terminal acceptor. Thus the alternative 
notation for each ofthe various complexes then becomes simply: P700-FeS-A/B, P700-FeS-X, P700-A|, 
and P700 .Aq. The individual acceptors other than FeS-A/FeS-B will be discussed in detail here and in the 
following chapters. 

The reconstitution ofthe P700-FeS-X core complex with FeS-A/FeS-B was carried out as depicted 
schematically in Fig. 8 (A). The core complex isolated from Synechococcus sp. 6301 using chaotropic 
agents and the purified [FeS-A/FeS-B] obtained from spinach were incubated in a 1:1 molar ratio for 3 
minutes. Effective reconstitution between the PS-1 core complex and PsaC was confirmed by room- 
temperature, optical kinetic data, as shown in Fig. 8 (B). These absorbance-change transients measured 
at 698 nm, which show P700 photooxidation followed by recombination ofthe photooxidized P700* 
with the reduced terminal acceptor, can be used to determine which terminal acceptor is combining with 
P700'^ on the basis of re-reduction times for P700^: 

P700"-FeS-XT ty, ~ 1 ms, or P700^' [FeS-A/FeS-B] , ty, ~ 30 ms. 

EPR spectroscopy was then used to characterize the core complex, P700-EeS-X, the isolated EeS-A/ 
EeS-B and the reconstituted P700-EeS-A/EeS-B. The absence or presence of EeS-A/EeS-B in the iso- 
lated core membrane, as expected, results in characteristic EPR difference spectra, as shown in Pig. 8 
(C). The [P700-PeS-X] and [P700-PeS-A/PeS-B] samples were subjected to a mild reducing condition 
(ascorbate and DCIP), frozen in the dark, and then illuminated at the temperature used for EPR measure- 
ments at 16 K. The isolated [PeS-A/PeS-B] sample was chemically reduced with dithionite in the pres- 
ence of methyl viologen at pH 10. As seen from Pig. 8 (C) left, the EPR signal of [FeS-A/FeS-B]" was 
absent in the [P700-FeS-X] sample, as expected, but, interestingly, a small broad EPR signal probably 
attributable to reduced PeS-X isjust barely visible around g~1.7. Isolated [PeS-A/PeS-B] in the reduced 
state shows the expected EPR spectrum. The reconstituted {P700-[PeS-A/PeS-B]} frozen in the dark 
and then illuminated at cryogenic temperature produced a somewhat sharper EPR spectrum, indicating 
that both PeS-A and PeS-B may have been photoreduced, in contrast with the EPR spectrum produced 
by illuminating a native PS-1 complex, where mainly PeS-A was photoreduced, as shown in panel (D) of 
Pig. 8. In any case, the EPR results clearly show that neither the isolated PsaC nor the core complex 
underwent any significant structural alteration nor was the binding site ofthe core complex noticeably 
altered as a result of reconstitution experiments. The EPR results could then be interpreted as evidence 
for the reconstitution ofthe core complex with PsaC to a substantially native form. 
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{P700»«-FeS-X) + [FeS-A/FeS-B] ■ {P700-«—FeS-X-[FeS-A/FeS-B]} 

(B) r: ^ 1 




0 5 ms 0 5 ms 





Fig. 8. (A) Schematic representation of reconstitution of the PS-I core complex [P700 » » FeS-X] with PsaC; (B) Light-induced 
absorbance change (LI-AA) at 698 nm in the PS-1 core complex and in the reconstituted complex; (C) EPR spectra of the core 
complex, PsaC and the reconstituted complex. Panel (D) is the EPR spectrum of the native PS-1 reaction-center complex. See 
text for experimental details. Figure source: Golbeck, Mehari, Parrett and Ikegami (1988) Reconstitution of the photosystem I 
complex from the P700 and Fx-containing reaction center core protein and the F^/Fq polypeptide. FEBS Lett 240: 10, 11, 12. 



III.D. Denaturation and Renaturation ofFeS-X in the PS-1 Core Complex 

Like FeS-A/FeS-B, the FeS-X cluster may also be removed and reconstituted. For such studies, the 
PS-I core complex [P700-*-»'FeS-X] is first freed of detergent and then made anaerobic and incubated in 
3 M urea and 5 mM ferricyanide in pH 8.3 Tris buffer for ~ 60 minutes. Periodically, an incubated 
sample is withdrawn and checked for the decay kinetics of the flash-induced P700 absorbance change. 
The EPR spectrum of intact [P700-*-»'FeS-X] in the reduced state is shown by trace (a) in Fig. 9 (A); the 
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recombination time between P700' and FeS-X“ is 1.2 ms at room temperature, as shown by the top trace 
in Fig. 9 (B). As the FeS-X is progressively removed, a portion ofthephotoinduced P700^ recombines 
with an even earlier acceptor in the much shorter time of~3 fas. When FeS-X is completely removed 
after 60 minutes of incubation, as indicated by the middle trace in Fig. 9 (A), the 1.2-m^ decay phase is 
completely replaced by one with ty, of ~3 ps, as shown by the middle absorbance-change signal Fig. 9 
(B). The complex, [P700-A|], without FeS-X may then be isolated and purified by chromatography and 
dialysis. 

The complex without FeS-X can be reconstituted with FeS-X by incubating with FeCl 3 , Na->S 
P-mercaptoethanol under anaerobic conditions. After 24 hours of incubation, the light-induced absor- 
bance changes representing P700^-*-*-FeS-X' recombination with of 1.2 ms, as well as the light- 
induced formation of an EPR signal with g-values of 2.05, 1.86 and 1.78, were completely restored, as 
shown by the bottom traces in panels (A) and (B) of Fig. 9. It is also of interest to note that FeS-A/FeS- 
B did not bind to the complex when FeS-X is missing, even when the sample is supplemented with the 
PsaD protein. The binding of FeS-A/FeS-B occurs only after FeS-X is reinserted, at which point photo- 
induced electron flow from P700 to FeS-A/FeS-B is also restored. 






Fig. 9. (A) EPR spectra of the PS-1 core complex [P700 . . FeS-X] (a), the complex in which FeS-X was removed (b), and the 
reconstituted complex (c); (B) Flash-induced absorbance changes monitored at 698 nm for samples (a), (b) and (c) in (A) and their 
decay kinetics. Figure source: Parrett, Mehari and Golbeck (1990) Resolution and reconstitution of the cyanobacteria! photosvs- 
tem I complex. Biochim Biophys Acta 1015: 348. 349 



IV. structure and Environment of the FeS-X Cluster in the PS-1 Reaction Center 

In addition to the work on the nature and reactivity of FeS-X in photosystem I and the isolation ofthe 
PS-I core complex as described above, the chemical composition ofFeS-X was also investigated in 
several laboratories in the 1980s. In 1984, Lagoutte, Setifand Duranton*"^, using in vivo^^S-labeling and 
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carboxymethylation with ['‘‘C]-iodoacetate, found that most of the cysteine residues were located in a 
8-kDa polypeptide. Complementing this finding, Sakurai and San Pietro*^ reported in 1985 that when a 
spinach PS-I particle had been previously treated with SDS to remove the membrane-bound iron-sulfur 
protein FeS-A/FeS-B, the acid-labile sulfide [S^'] in the remaining iron-sulfur cluster was found to be 
converted to zero-valence sulfur but remained covalently bound to the PsaA-PsaB protein heterodimer. 

With the finding of Wynn and Malkin'® in 1988 that the photosystem-I reaction center consists of ~12 
non-heme iron atoms and ~12 acid-labile sulfides, it was proposed that the two [4Fe*4S] clusters, i.e., 
FeS-A/FeS-B, belonged to the 8-kDa polypeptide PsaC. The large heterodimer containing P700 and 
electron acceptors was, in fact, sometimes called an “FeS-protein” at the time. 

In 1986, Golbeck and Cornelius'^ investigated this problem further by examining the effects of the 
surfactant lithium dodecyl sulfate (LDS) on a Triton-fractionated spinach PS-I particle. It was found that 
PS-I particles after treatment with 1 % LDS gave a flash-induced absorbance change with a decay time of 
only 1.2 ms, instead of 30-40 ms expected for the recombination between P700* and P430 . The differ- 
ence spectrum for this absorbance change consisted of contributions due to [P700"-P700] and to the 
reduction of a species whose spectrum resembled P430, i.e., of some iron-sulfur protein, with bands at 
430 and 465 nm. In time, this work led to the isolation of the PS-1 core complex by removal of the PsaC 
polypeptide containing the iron-sulfur clusters FeS-A/FeS-B, as described in section UFA. above. 

Meanwhile, H0j andMpller'^radioactively labeled the thylakoid membrane by growing barley in the 
presence of ^^Fc'’ and The labeled PS-I particles were found to contain 10 Fe-atoms and 14 

acid-labile sulfides per P700. SDS-PAGE analysis showed that there was a high cysteine content in the 
8-kDa polypeptide and that 4 Fe atoms were present in the 1 10-kDa heterodimer of PsaA/PsaB. 

We may summarize the results '"'"'^discussed thus far as follows: 

PS-1 complex Two 64-kPa polypeptide.s 8-kDa polypeptide 

[P700 Ao A,-FeS-XFeS-A/FeS-B] + LDS [P700 Ao-A, FeS-X] + [FeS-A/FeS-B] 

0 0 Tt,/-1.2OT.vat298 K 

A, P430 300 ms at 8 K 

[P700' AoA| FeS-X ] 



IV. A. Structure of the FeS-X Cluster 

The presence of four non-heme iron atoms and four acid-labile sulfides in the PS-I core complex could 
be accounted for by either one [4Fe*4S ] cluster or two [2Fe*2S] clusters. However, two [2Fe*2S] clus- 
ters can not be accommodated by the limited number of cysteine residues available on the PsaA and 
PsaB subunits, since in all known cases there are fewer than 8 cysteines on the PsaA and PsaB subunits 
combined [seethe amino-acid sequence in Fig. 11 below]. In a sense, the structure and number of iron- 
sulfur clusters coordinated jointly to the PsaA and PsaB subunits have a critical implication for the 
structure of the PS-I reaction center itself. 

One of the first methods used for investigating the iron-sulfur-cluster structure was reported by Cammack 
and Evans'^ for EeS-A/EeS-B in photosystem I. The thylakoid polypeptides were unfolded in a 80% 
dimethyl sulfoxide solution containing guanidine-HCl and the EPR line shapes of both EeS-A and EeS- 
B were consistent with the [4Fe*4S] type. As FeS-X was not yet known at that time, its cluster structure 
was not taken into consideration. 

Since 1980, newer physical techniques such as Mossbauer spectroscopy. X-ray absorption spectros- 
copy and iron-sulfur-core extrusion have been used to address the question of the structure of FeS-X. 
The initial Mossbauer spectroscopic study by (EH) Evans, Rush, Johnson and (MC W) Evans 2 o indicated 
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that all three iron-sulfur clusters were of the [4Fe*4S]type. However, the results of a later X-ray absorp- 
tion study of PS-I particles by McDermott, Yachandra, Guiles, Britt, Dexheimer, Sauer and Klein^* 
were interpreted in terms of a mixture of [4Fe*4S] and [2Fe*2S] clusters. 

Subsequently the technique of iron-sulfur-core extrusion was employed by Golbeck, McDermott, Jones 
and Kurtz^^ to examine this problem. We will first describe the method briefly. The iron-sulfur cluster in 
the native protein may be written as “protein:[4Fe-4S*-(S-Cys)4],” indicating that the iron-sulfur cluster 
is coordinated with cysteinyl sulfur ofthe protein. [4Fe*4S*] represents the “iron-sulfur core,” where S* 
is used to represent a sulfur atom ofthe cluster, to differentiate it from cysteinyl sulfur. Core extrusion is 
essentially a process ofreplacing the original cysteine thiolate ligands by '^F-containing thiolate ligands 
from an extruding agent such as p-trifluoromethylbenzenethiol,abbreviated /7-C”F-SH or simply R'- 
SH. Thus thiolate displacement accompanied by release of the iron-sulfur core (ligated with the new 
thiolate ligands) constitutes the so-called “core extrusion” process: 



Protein:[4Fe*4S’*‘-(S-Cys)4] + R’-SH -> [4Fe»4S*-{S-R')4] + (protein devoid of iron-sulfur clusters) 



Note that the reaction scheme applies equally for the [2Fe*2S*] in place of [4Fe*4S*]. 

The extruded clusters were then examined by '^F-NMR spectroscopy using a standard solution con- 
taining the reference compound, e.g., (Et 4 N) 2 [nFe*nS(SO-/?-CF 3 ) 4 ]. The authors found the presence of 
[2Fe*2S] as well as [4Fe*4S] clusters, with a typical [4Fe»4S]/[2Fe*2S] ratio of 2.4. There remained, 
however, some uncertainty in the results. For example, as the authors indicated, extrusion ofthe iron- 
sulfur clusters was not quantitative. Other possible factors such as cluster interconversion, changes caused 
by oxidative damage, or even incomplete unfolding ofthe high-molecular- weight, highly hydrophobic 
PsaA and PsaB polypeptides could all affect the extrusion results. 

Since it was known that FeS-A and FeS-B each contain a [4Fe*4S] cluster, Golbeck et al?^ tentatively 
assigned the [2Fe*2S] cluster to FeS-X. To accommodate the requirement of two [2Fe*2S] clusters to 
account for a total of 12 Fe atoms, a novel model for the PS-I reaction center was proposed, in which two 
sets of [PsaA-i-PsaB] pairs are coordinated to two [2Fe*2S] clusters to form atetramer. The two [2Fe*2S] 
clusters could be coordinated to the heterotetramer in such a way that they form FeS-X through a mag- 
netic interaction. However, newer biophysical measurements using both Mossbauer and X-ray absorp- 
tion spectroscopic methods eventually confirmed the identity ofFeS-X as a [4Fe*4S] cluster coordinated 
by two cysteine residues each from the PsaA and PsaB subunit. These results will be discussed below. 

X-ray absorption spectroscopy. In X-ray absorption spectroscopy, iron K-edge spectra can reveal the 
oxidation state of iron and its site symmetry in the iron-sulfur proteins, while EXAFS (extended X-ray 
absorption fine structure) spectra can more clearly distinguish between [4Fe»4S] and [2Fe*2S] clusters 
(refer to the brief introduction to this technique on p. 344 in Chapter 19). As mentioned above, an early 
EXAFS study^' suggested the presence of a mixture of [4Fe*4S] and [2Fe*2S] clusters in the PS-I reac- 
tion-center particle. Since at least 2/3 of the iron atoms constitute the [4Fe*4S] clusters of FeS-A and 
FeS-B, they contribute substantially to the back-scattering in the EXAFS spectrum, making the identifi- 
cation ofthe FeS-X cluster more difficult. This problem was circumvented in a later EXAFS study^^ by 
using thejust recently fractionated PS-I core complex that contained only FeS-X as the terminal electron 
acceptor. The EXAFS spectrum of this new PS-I core complex (as well as ofthe native PS-I complex) 
yielded an amplitude of Fe-Fe back-scattering characteristic of a [4Fe*4S] cluster, very similar to that 
from the inorganic complex (Et4N)2[4Fe*4S(S-<l>)4]. On the other hand, spectra of a heat-denatured PS- 
I complex or an oxidatively denatured ferredoxin were distinctly different. 
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Mossbauer spectroscopy . The earlier Mossbauer work of (HE) Evans et had already provided 
support for the [4Fe*4S]-type structure for EeS-A, EeS-B and EeS-X. After a PS-I core complex contain- 
ing only the iron-sulfur cluster EeS-X became available, however, renewed Mossbauer studies of the 
core complex were undertaken by Petrouleas, Brand, Parrett and Golbeck^"^. 

The PS-I core complex prepared as described in section III.A from the cyanobacterium Synechococcus 
grown in a medium containing mainly was 90% enriched in this isotope. The core complex, treated 
with DCIP plus ascorbate and then dark adapted, served as the oxidized sample. The sample of the same 
material frozen while under continuous illumination was used as the reduced sample. The Mossbauer 
spectra for the reduced (“Red”) and oxidized (“Ox”) samples measured at 80 and 4.2 K are shown in the 
upper and lower panels, respectively, in Fig. 10. The Mossbauer spectra for the reduced sample are 
shown in the left panels and those for the oxidized sample in the right panels. 

The spectrum for the reduced sample at 80 K (Fig. 10, upper left panel) is broad and was judged to 
include a minor contribution from some 15% of the unreduced portion. At 4.2 K, the spectrum of the 
reduced sample in a magnetic field exhibits further broadening as well as magnetic splitting, and also 
implicates the presence of an unreduced component. The authors applied a correction to both spectra by 
subtracting a 15% contribution by the oxidized component and arrived at a more nearly correct shape of 
the spectra, as shown by the lower traces in both panels on the left and labeled as “A.” The isomer shift 
(IS) and quadrupole splitting (QS) values for the measured spectra are listed in the upper table in Fig. 10, 
right. 




Mossbauer parameters 



FeS-X in the PS-I core complex at 77 K 



IS* (mm-s"') 


QS* (mm-s"') 


Ox. 0.42 


1.06 


Red. 0.55 


1.21 



Literature IS-values for 



other [Fe 4 -S 4 i and [Fej-Sj] clusters 



FeS clusters 


IS (mm-s"') 


Ox.-[4Fe-4S] 


0.43 


Ox.-[2Fe-2S] 


0.26 


Red-[4Fe-4S] 


0.55 


Red-[2Fe-2S] 


0.43 



■ IS-isomer shift; QS«quadrupole splitting 



-4 -2 0 2 4 -2 0 2 4 mm-s"' 



Fig. 10. Mfissbauer spectra of reduced (left panels) and oxidized (right panels) PS-I core complex at 80 K (top panels) and 4.2 K 
(bottom panels), The lower spectrum in each of the left panels was corrected for the unreduced component. The table at top right 
lists the experimentally determined isomer-shift (IS) and quadrupole-splitting (QS) parameters for oxidized and reduced core 
complexes at 77 K; lower table lists isomer-shift values reported in the literature for other [4Fe*4S] and [2Fe*2S] clusters. Data 
source: Petrouleas, Brand, Parrett and Golbeck (1989) A Mossbauer analysis of the low-potential iron-sulfur center in photosys- 
lem I: Spectroscopic evidence that Fx is a [4Fe-4S] cluster. Biochemistry 28: 8982. 
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The [4Fe*4S] and [2Fe*2S] clusters can be readily distinguished by their Mossbauer properties. The 
[4Fe*4S]clusters are characterized by extensive charge delocalization, making the individual iron atoms 
less distinguishable. The average isomer-shift value of 0.42 mm-5"', reflecting the oxidized state 
[2Fe^^*2Fe^'^], is in very good agreement with literature values reported for a large number of oxidized 
[4Fe*4S] clusters^"^ and is much higher than the often-reported value of 0.26 mmw ' that reflects the 
PFe^"^] oxidation state in oxidized [2Fe*2S] clusters (see lower table in Fig. 10, right). A similar rela- 
tionship between the average IS-values has also been observed for the reduced states ofthe [4Fe*4S] and 
[2Fe*2S]clusters. The isomer-shift values for both oxidized and reduced FeS-X coincide within experi- 
mental error with accepted values for a [4Fe*4S] cluster [cf. tables in Fig. 10]. The Mossbauer spectra 
for the reduced FeS-X, after correction for a 15% contribution by the oxidized component, also indicate 
a degree of charge delocalization similar to that usually observed in [4Fe*4S] clusters but not in the 
[2Fe*2S] clusters. 

In the meantime, Scheller, Svendsen and Mpller^^ carried out a careful analysis ofthe stoichiometry of 
polypeptide subunits relative to the primary donor P700 in the “P700-chlorophyll a-protein” isolated 
from barley. They found one mole of each ofthe two homologous subunits per mole ofP700, each with 
molecular masses of~82 kDa, as well as some lower-molecular-mass polypeptides. These results plus 
the accumulated information on the total number of iron and sulfur atoms relative to P700, and results of 
the renewed X-ray absorption and Mossbauer spectroscopic studies, have now conclusively confirmed 
the presence of a single [4Fe*4S] cluster in FeS-X in the PS-I reaction-center core. 

IV.B. The Protein Environment of the FeS-X duster 

We now examine how the FeS-X cluster is coordinated to the protein and the relationship of the FeS- 
X domain with the surrounding protein environment. In the PS-I heterodimer there are five cysteine 
residues, three conserved cysteines in the PsaA and two conserved cysteines in the PsaB subunit. Ofthe 
five, two from each subunit are implicated as ligands for binding the [4Fe*4S] cluster of FeS-X. In Fig. 
1 1 there are two cysteine residues present in the loops between helices VIII and IX ofthe PsaA and PsaB 
subunits of Synchococcus sp. PCC 7002. In fact, as seen from the amino-acid composition of the two 
loops in Fig. 1 1 (B), a conserved sequence with a CDGPGRGGTC motif is present in both PsaA and 
PsaB. It was readily envisioned that, in the PS-I reaction-center core, Cys-582 and Cys-591 in PsaA and 
Cys-560 and Cys-569 in PsaB [see Fig. 1 1 (B)], might serve as ligands for the coordination of the 
[4Fe*4S] cluster of FeS-X. 

This tentative assignment ofthe role of these cysteine residues to coordinating the iron-sulfur cluster 
of FeS-X has gained additional experimental support from the work of Smart, Warren, Golbeck and 
Mclntosh^^. They carried out site-directed mutagenesis on the cyanobacterium Synechocystis sp. PCC 
6803 replacing cysteine-565 in the PsaB subunit with serine, histidine and aspartate, i.e., Cys-565->Ser, 
Cys-565— >His, and Cys-565— >Asp, as illustrated in Fig. 1 1 (B). Although these three non-cysteine resi- 
dues may coordinate an iron-sulfur center, replacement of cysteine-565 by any one ofthem in Synechocystis 
was found to reduce accumulation of photosystem-I reaction-center proteins, including PsaA, PsaB, 
PsaC, PsaD, etc. in the thylakoids, as well as to significantly reduce PS-I activity. The mutants also 
failed to grow autotrophically, suggesting that the replaced cysteine is a likely ligand for the FeS-X 
cluster and plays a critical role for a stable assembly ofthe PS-I reaction-center core. Thus, FeS-X is not 
only an important electron carrier but also plays a structural role in the formation ofthe PS-I reaction- 
center heterodimer and in maintaining its stability. 
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As shown schematically in Fig. 1 1 (C), a likely polypeptide arrangement around the FeS-X domain is 
a four-a helix bundle consisting of helices VIII and IX from both PsaA and PsaB, as proposed by 
Rodday, Jun and Biggins^^ on the basis of molecular modeling. As mentioned previously in Chapter 25, 
another structural motif, namely the leucine zipper, has also been proposed^^’ for the stabilization of 
the heterodimer; however, this has not yet been confirmed experimentally. 




Fig. 11. (A) Model for the homologous PsaA (and PsaB) subunits of photosystem I. Helices VIII and IX and the VIII-IX interhelical 
loop are shown inside the dashed eliipse; (B) Amino-acid composition of the loop between helices VIII and IX in PsaA and PsaB, 
with the four cysteine residues numbered for Synechococcus sp. PCC 7002 and Synechocystis sp. PCC 6803, respectively 
(separated by a slash). (C) A working model for the FeS-X domain consisting of a bundle of foura-helices (VIII and IX from PsaA 
and PsaB), the interhelical loops and FeS-X itself ligated to the four cysteine residues. Model in (C) is adapted from Rodday, Jun 
and Biggins (1993) Interaction of the F^f^-containing subunit with the photosystem I core heterodimer. Photosynthesis Res 36; 3. 

It may be noted that the bundle arrangement involving four a helices from the PsaA and PsaB subunits 
appears analogous to that formed by the D, ^ ^ and E helices of the L- and M-subunits in the bacterial 
reaction-center core [see Section II.B and Figs. 7 and 8 in Chapter 2] as well as a similar arrangement in 
the D1/D2 heterodimer ofphotosystem II [see Section II and Fig. 5 in Chapter 12]. The slanted arrange- 
ment of helices VIII and IX in the FeS-X domain was proposed on the basis of a greater stability for the 
domain resulting from helix-dipole interactions^^. In the following, we will review the experimental 
evidence reported by Biggins and coworkers in support of their working model. 

(a) Chemical modification of the arsinine (Rj residue^ ^ . As several arginines are in the middle region 
of the loops between helices VIII and IX in PsaA/B and are located at the exposed surface domain in this 
model [see Fig. 1 1 (C)], they are expected to play an important role in the electrostatic interaction with 
PsaC. Results from chemical modification of arginine in the CDGPGRGGTC sequence of PsaB using 
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phenylglyoxal followed by treatment with trypsin^^ showed that reconstitution of the core complex with 
PsaC subunit was impaired. As the results were considered as only necessary but not sufficient for 
confirming the proposed model, a more direct test was performed subsequently using site-directed mu- 
tagenesis of specific amino-acid residues that are also expected to be involved in the interaction. 

(b) Site-directed mutasenesis ofarsinine-561 to slutamic acid Changing the positively-charged 
arginine residue to the negatively-charged carboxylate group of glutamate would be expected to result in 
an unfavorable electrostatic situation for binding the negatively-charged PsaC. This was reflected in the 
finding that the Arg-561->Glii mutant of Synechocystis sp. PCC 6803 grew poorly autotrophically, ac- 
cumulated fewer subunit proteins and had lower PS-I activity. Rates of electron transfer to the terminal 
acceptor in either the PS-I reaction center complex [P700 *-»T’cS-X)FeS-A/FeS-IT or the PS-I core 
complex [P700-*'*'FeS-X] were the same in mutant cells as in wild-type, asjudged by the charge recom- 
bination kinetics assayed by absorbance decay times. However, in the mutant the concentration of a 
chaotropic agent required for dissociating PsaC was lower and its dissociation was faster. The extent of 
reconstitution ofPsaC was also lower, presumably due to an unfavorable electrostatic interaction. It was 
found, however, that PsaC reconstitution in the Arg-56 1 -^Glu mutant was enhanced by certain divalent 
cations such as Mg^' and Ca^^, which at the same concentrations actually inhibited reconstitution in the 
wild-type PS-I core complex. 

(c) Site-directed mutasenesis of other intercysteine amino-acid residues . The structure-function re- 
lationship involving the interhelical loop ofPsaB in binding PsaC to the FeS-X domain was investigated 
further by changing, one at a time, the two amino acids adjacent to cysteine-561, namely proline-560 and 
aspartate -562, and also two residues in the conserved intercysteine sequence, namely proline-564 and 
arginine-566, in the eukaryotic alga Chlamydomonas reinhardtiv'^ (the mutated amino acids are overlined): 

PCDGPGRGGTC : Pro-560-).Ala/Lys; Asp-562^Asn; Pro-564->Lys; Arg-566->Glu 

561 570 

Note that the Arg-566->Glu here is equivalent to the Arg-56 l->Glu in Synechocystis discussed in (b) 
above. The charged residues Asp-562 and Arg-566 are apparently essential for the assembly of the 
FeS-X domain, as PsaA and PsaB accumulation decreased markedly in both Asp-562-^Asn and 
Arg-566->Glii mutants. In the Pro-560->Ala, Pro-560^Lys and Pro-564^Lys mutants, on the other 
hand, accumulation of reaction-center proteins was unaffected, but the interaction between the core 
complex and PsaC was impaired, as the reaction center was more readily dissociated and reconstitution 
was less complete. It was suggested that the two amino-acid residues Pro-560 and Asp-562 adjacent to 
Cys-561 are hydrogen bonded to the cysteine ligand and thus enhance the stability ofthe FeS-X domain 
structure. Complementing this study, Hallahan et carried out similar studies of Asp-576^Lys 
mutagenesis in PsaA of C. reinhardtii [equivalent to Asp-562 in PsaB], and found the EPR spectrum of 
the FeS-A/FeS-B altered, also suggesting that the interhelical loop of the PsaA subunit in the FeS-X 
domain is involved in binding PsaC. 

(d) Site-directed mutasenesis of amino-acid residues in the PsaC subunit ^^. Thus far we have only 
seen the structure-function aspects ofthe FeS-X domain for the binding of PsaC. It is natural to expect 
that the negatively-charged surface residues of the PsaC subunit itself, particularly the aspartate and 
glutamate residues, should also play a similar role in binding PsaC to the FeS-X domain. We will use the 
Kamlowski model^^ and the amino-acid sequence of Synechococcus PsaC in Fig. 12 (A) for this discus- 
sion. Rodday et al?^ examined the effect of the negatively-charged carboxylate residues on PsaC by 
replacing all eight acidic residues, one at a time, with arginine and then with alanine. The five aspartate 
residues 9,24, 32,47, and 61 and three glutamate 27,46 and 72 are marked by “<E>” along the amino-acid 
sequence in Fig. 12. 
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Fig. 12. Amino-acid sequence of PsaC of Synechococcus sp. PCC 7002 (top row). Cysteine ligands (in boxes) for the FeS-A or 
FeS-B clusters are marked by “A" or “B“. respectively. The acidic residues (aspartate and glutamate) are marked by "0." Amino- 
acid sequence of P. aenogenes ferredoxin shown in second row. Panel (A): the Kamlowski model showing orientation of the PsaC 
subunit relative to FeS-X. Panel (B) P. aerogenes ferredoxin, as a simulator for PsaC, is aligned with the PS-I core binding site. 

(A) adapted from Kamlowski, van der Est, Fromme, Krauli, Schubert, Klukas and D Stehlik (1997) The structural organization of 
the PsaC protein in photosystem I from single crystal EPR and X-ray crystallographic studies. Biochim Biophys Acta: 1 319: 208; 

(B) Biggins, Rodday and Do (1995) Interaction of the subunit PsaC with its binding site on the PS I core heterodimer, ibid p. 112. 

The Asp-24->Arg, Glu-46->Arg, Asp-47->Arg, Asp-6 l->Arg and Glu-72->Arg mutants showed 
only a slightly impaired level of reconstitution. In contrast, reconstitution in the Asp-9^Arg, Glu- 
27->Arg and Asp-32->Arg mutants was significantly diminished, indicating major changes in the con- 
formation of PsaC in these mutants. On the other hand, the FeS-A and FeS-B clusters in these three 
mutant PsaCs showed the same EPR spectra as the wild-type protein, indicating that even though recon- 
stitution of PsaC with the core complex was impaired, polypeptide folding in PsaC polypeptide was 
apparently unaffected in the mutants. When the acidic residues in wild-type PsaC were replaced by the 
apolar alanine, only the Asp-9^Ala mutant showed an appreciably reduced reconstitution, indicating 
that the Asp-9 on PsaC is very critical for the reconstitution, presumably because of an electrostatic 
interaction in the Kamlowski model with Arg-561 on PsaB. The replacement ofGlu-27 or Asp-32 by 
arginine introduces charge repulsion and makes the interaction between Asp-9 and the core less favor- 
able. In addition, as Rodday pointed out, with this model the apolar residues (lie- 12, Gly-1 3, Val- 
18, Ala-20, Pro-22, Lys-23, Lys-26, Met-28, Val-29 and Pro-30; see Fig. 12, top row) are found on the 
lower surface ofthe PsaC subunit facing the core and would provide additional hydrophobic interaction 
between PsaC and the core and thus greater stabilization ofthe overall structure. 





548 



Considering these results, it may be concluded that the FeS-X domain with the two loops between 
helices VIII and IX in PsaA and PsaB and the acidic surface residues on PsaC are crucial for the electro- 
static interaction between the PsaC subunit and the PS-I core complex. The relative position and orien- 
tation of the three PS-I iron-sulfur clusters in the Kamlowski model^^ in Fig. 12 (A) corresponds to the 
triangular arrangement established by X-ray crystallography^'* and embodies several features of the model 
ofRodday, Do, Chynwat, Frank and Biggins^^. 

According to the model shown in Fig. 12 (A), the N-terminal region of PsaC consisting of aspartate 
residues 9,24 and 32 is located on a surface-exposed domain in the vicinity ofthe iron-sulfur cluster that 
was previously identified^® as FeS-B (see Chapter 29, VLB.), thus making FeS-B close to FeS-X in a 
triangular arrangement. This geometry is consistent with the finding that Arg-561 on the interhelical 
loop of PsaB is interacting with PsaC through ion pairing with the acidic residues on PsaC. Biggins, 
Rodday and Do^’ also used the Pseudomonas aerogenes ferredoxin to simulate PsaC and, using the 
spatial coordinates for the three FeS centers found from the 6- A PS-I crystal structure^'*, aligned it with 
the core binding site in several orientations with either FeS-A or FeS-B proximal to FeS-X. They found 
that the latter orientation, as shown in Fig. 12 (B), yielded the most favorable interaction between resi- 
dues, as the two interhelical-loop arginine residues on the binding site are the closest to the negatively 
charged domains ofthe simulator ferredoxin subunit. However, even after these considerations regard- 
ing the possible orientation of PsaC, the question of the sequence of electron transfer among the three 
iron-sulfur clusters, i.e., whether it is [FeS-X-^FeS-B->FeS-A] or [FeS-X->FeS-A^FeS-B], had re- 
mained controversial for some time (but see the more recent developments discussed in Section VIC of 
Chapter 29). 

V. Establishment of the Position of FeS-X in the Electron-Transfer Sequence 

The electron-transfer pathway involving FeS-A and FeS-B and their location relative to FeS-X have 
been discussed in detail in Chapter 29. As FeS-X precedes FeS-A/FeS-B in the electron-transport chain, 
its role as an electron donor will now be considered. The problem is inherently difficult, first because not 
only are their spectra quite similar to one another but they also overlap, making direct spectral differen- 
tiation among them difficult, in spite ofthe experimentally adequate time resolution available in optical 
spectroscopy. Second, even though the three iron- sulfur proteins have characteristically different EPR 
spectra, the EPR technique itself does not have adequate time resolution to obtain sufficiently precise 
kinetic information and, furthermore, is not usable at physiological temperatures. 

Previous work on this question has usually examined the decay profile ofthe photooxidized PTOOHn 
its far-red band at -830 nm to indirectly gain information on the nature of its reacting partner(s) [refer to 
Section III.C. of Chapter 29]. The multiple-flash-excitation protocol of Sauer et al.'^ and the more recent 
work of Vassiliev et al. in examining P700" decay at 830 nm over a time domain of several orders of 
magnitude have offered promising approaches and given evidence for several components reflecting 
recombination with each ofthe photo-reduced, electron acceptors, including EeS-A/EeS-B. However, 
there is still a lack of spectral differentiation or kinetic parameters uniquely attributable to one or the 
other of the two species. 

In spite ofthe inherent difficulties cited above in sorting out spectral differences among the three iron- 
sulfur centers in the electron-transfer chain of photosystem I, two research groups'*® '** have indepen- 
dently measured minute differences in the optical spectra ofthe two types of iron-sulfur centers, and 
used these differences to identify EeS-X as the intermediary electron acceptor located between A| and 
EeS-A/B, and to confirm the electron-transfer sequence from EeS-X to EeS-A/B. We will first review 
the attempt made by Eiineberg, Eromme, Jekow and Schlodder'*®to identify EeS-X as the intermediary 
electron carrier located between A) andEeS-A/B. 
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Liineberg et prepared both trimer and monomer PS -I complexes from the thermophilic 
cyanobacterium Synechocystis sp. and used them for making PS-I reaction-center crystals. The trimer 
and monomer PS-I complexes were also incubated in urea to prepare core complexes by removing the 
stromal subunits PsaC (FeS-A/B), PsaD and PsaE. The extent of removal of the stromal subunits de- 
pends on the type of complex and the incubation time. For the trimer complex, the halftimes for the 
removal ofPsaE, PsaC and PsaD are 25,40 and 200 minutes, respectively. Removal ofthe subunits from 
the monomer complex, on the other hand, is significantly faster; for instance, PsaC removal takes only 5 
minutes. It is important to note that urea treatment does not lead to the conversion ofthe trimers into 
monomers. 

The nature of charge recombination between PyOO"^ and the reduced terminal acceptor either in the PS- 
I complex, i.e., { PTOO^-Ao-ApFeS-X-fFeS-A/B] }, or in the PS-I core complex, i.e., {P700’'-Ao-A|- FeS- 
X~}, is revealed by the decay kinetics ofPVOO^ monitored at 820 nm, as shown in Fig. 13 (A). The intact 
complex showed a major decay phase with ati/,of25 ms, very close to recombination times reported for 
recombination between P700"^ and [FeS-A/B] , or P430”. With increasing incubation time, the decay 
time gradually decreased. After 25 minutes of urea incubation, the monomer complex showed a major 
decay phase with of only 750 fjs. Since the 750-/4S' decay phase results from removal only of FeS-A/ 
B and its contribution increases with increasing urea incubation, i.e., FeS-A/B removal, it was attributed 
to P700^ recombining with FeS-X", the electron carrier located prior to FeS-A/B. Since the charge re- 
combination kinetics in the trimer and monomer complexes varied in essentially the same way in rela- 
tion to urea incubation. Therefore, only data for the monomer complex are shown here. 

The partner recombining with P700'^ was identified from the difference spectra shown in Fig. 13 (B) 
constructed from the amplitudes of absorbance changes obtained either with the monomer PS-I complex 
or with the core complexes, each prepared by incubating in urea for 15 and 45 minutes, respectively. The 
difference spectra were normalized at the wavelength of maximum bleaching (430 nm). The difference 
spectra plotted in the 350 to 500 nm region are the sum of absorbance changes due to the oxidation of 
P700 and in each type of sample the reduction ofthe terminal acceptor. Absorbance changes due to sam- 




Fig. 13. (A) Flash-induced absorbance change at 820 nm attributed to photooxidation of P700 and re-reduction of P700* in 
monomeric PS-I complex prepared from Synechococcus sp. (top trace) and the same complex incubated in urea for 25 minutes 
[PS-I core complex] (bottom trace): (B) Absorption difference spectra measured with the monomeric PS-I complex (untreated 
control) and the core complexes obtained after urea treatment of PS-l complex for 1 5 and 45 minutes, respectively. (C) Flash- 
induced absorbance change at 384 nm in the same samples as in (A). Figure source: LGneberg, Fromme, Jekow and Schlodder 
(1994) Spectroscopic characterization of PSI core complexes from thennophilic Synechococcus sp. Identical reoxidation kinetics 
of Ay before and after removal of the iron-sulfur-clusters Fa and Fg. FEBS Lett 338: 200. 
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pies incubated in urea for either 15 or 45 minutes, when all the PsaC is expected to have been removed, 
practically fall on the same curve. The major portion ofthe 430-nm band is probably largely accounted 
for by the P700 change, while the small absorbance changes in the two wing regions on each side ofthe 
430-nm band are probably due largely to the iron-sulfur centers. The small but uniform differences in 
these wing regions between the PS-I complex and the PS-I core complexes - higher in the 350-390 nm 
region but lower in the 445-470 nm region for the core complex - suggest that the terminal acceptor in 
the core complex is also an iron-sulfur protein. The slight difference in the two wing regions can thus be 
explained by the slightly different spectra ofFeS-A/B in the PS-I complex and of FeS-X in the core 
complex. 

Luneberg et also measured the absorbance change at 384 nm to monitor the kinetics ofthe redox 
change involving A|, the electron carrier preceding FeS-X. Interestingly, as seen in Fig. 13 (C), both the 
PS-I complex and the core complex showed nearly the same absorbance kinetics, with a risetime of~5 
ns and a decay phase with t./, of 180 ns. Since the 180-n5’ decay phase of A|"->A| is linked to FeS- 
X->FeS-XA and since the kinetics are identical and almost independent ofthe presence or absence ofthe 
FeS-A/FeS-B acceptor, the results unambiguously show that FeS-X is an obligatory intermediary carrier 
in the normal forward electron-transfer pathway of photosystem I. 

Franke, Ciesla and Warden"^^ also examined the electron-transfer pathway on the reducing side of 
photosystem I by carefully measuring and comparing separate, reduced-minus-oxidized difference spectra 
of AA[FeS-X'-FeS-X] and AA[(FeS-A/B)"-(FeS-A/B)] (or AA[P430 -P430]). The difference spectrum 
for P430, the spectro-optic equivalent of FeS-A/B, was measured with an intact PS-I complex, i.e., 
{ P700-Ao'A|-FeS-X'[FeS-A/B]}, isolated from Synechococcus, using the procedures ofHiyama and 
the spectrum ofFeS-X was measured with the PS-I core complex, i.e., {P700-Ao'A|-FeS-X}, 
where FeS-A/B had been physically removed, using the procedure of Parrett et al.^. Again, minute but 
significant differences among the difference spectra were noted, as seen in Fig. 14 (A). The minute 
differences between the difference spectra of FeS-X and FeS-A/FeS-B were utilized for examining the 
electron-transfer sequence among the iron-sulfur centers in photosystem I. 

The light-minus-dark, or reduced-minus-oxidized, difference spectra for FeS-X and P430 constructed 
from flash-induced absorbance-change transients and shown in Fig. 14 (A) both show minima in the 
420-430 nm region; the differential molar absorptivities were estimated to be 13,000±500 and 15,000±500 
M''-cm ' for P430 and FeS-X, respectively. More importantly, the difference spectrum ofFeS-X differs 
from that ofP430 by a narrow shoulder in the 410-418 nm region and a diminished absorbance above ~ 
450 nm. 

As seen in Fig. 14 (B), the flash-induced, absorbance changes at 430 and 416 nm in the intact PS-I 
complex are dominated by a bleaching due to P700 photooxidation {cf. Fig. 4 of Chapter 30). Differ- 
ences in the absorbance-change components involving the iron-sulfur centers at these wavelengths are 
probably at the level of instrument sensitivity. The 453-nm transient for the intact PS-I complex 
{P700-Ao-ApFeS-X-[FeS-A/B]} in Fig. 14 (C), top, on the other hand, shows a rapid increase followed 
by a nearly total relaxation on the time scale ofthe experiment. The composite transient positive change 
in absorbance is ascribed to the formation ofthe [P700'^-FeS-X“] state. The change relaxes by 10-25% of 
the initial amplitude in -800 ns. The relative extent of this absorbance change appears to be consistent 
with the differences in molar absorptivity between FeS-X and P430 in the 450-nm region ofthe differ- 
ence spectra shown in Fig. 16 (A). The diOO-ns decay was therefore considered to reflect electron transfer 
from FeS-X to FeS-A/FeS-B. 

This assignment ofthe SOO-ns kinetic component was further corroborated by comparing the 453-nm 
kinetics ofthe intact PS-I complex, {P700-Ao-ApFeS-X-[FeS-A/B] } with that ofthe PS-I core complex, 
{P700-Ao'Ai'FeS-X}. As expected, removal ofthe terminal FeS-A/FeS-B acceptors should result in the 
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elimination of the SOO-ns decay component. In the transient signal of the PS-I core complex shown in 
Fig. 16 (C) bottom, the relaxation takes ~ 1 /JS instead, making the 800-ra component contingent on the 
presence of the terminal acceptors FeS-A/FeS-B. Note that the 800-ra electron-transfer time from FeS- 
X to FeS-A/FeS-B also agrees with the PsaC reduction time of < 1 /zv determined independently by 
Sigfridsson, Hanson and Brzezinski"^"* by photovoltage measurements. 



(A) (B) 




(C) 




Fig. 14. (A) Absorisance-difference spectra, plotted as differential molar absorptivity, Ae, for FeS-X and P430 from flash-induced 
transients with intact PS-1 complex {P/OO Ao A, FeS-X [FeS-A/B]} and the PS-1 core complex {P700 Ao A, FeS-X]; (B) Kinetic 
traces of flash-induced absorbance changes at 430 and 416 nm for the intact PS-1 complex; (C) Kinetic traces of flash-induced 
absorbance changes at 453 nm for the intact PS-1 complex (top trace) and the PS-1 core complex (bottom trace). Note the ~1 0-fold 
difference in aA scale between (B) and (C), Figure source. Franke, Ciesla and Warden (1995) Kinetics of PsaC reduction in 
photosystem I. In: P Mathis (ed) Photosynthesis: from Light to Biosphere (Proc IX Intern Congr Photosynthesis). Vol. II: 77. 
Kluwer. 
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R1 . JH Golbeck (1993) The structure of photosystem I. Curr Opinion in Structure Biology 3: 508-514 
R2. JH Golbeck (1995) Photosystem I: Resolution and reconstitution of polypeptides and cofactors. CRC Hand- 
book of Organic Photochemistry and Photobiology, pp. 1423-1435 
R3. R Malkin (1996) Photosystem I electron transfer reactions componen ts and kinetics. In: R Ort and CF Yocum 
(eds) Oxygenic Photosynthesis: The Light Reactions pp. 313-332. Kluwer Acad PubI 
R4. K Brettel (1997) Electron transfer and arrangement of redox cofactors in photosystem I. Biochim Biophys Acta 
1318:322-373 
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In this chapter we discuss the spectral and kinetic properties of Aq of photosystem I. By definition, Aq, 
the primary electron acceptor, is the immediate or first acceptor that receives the electron from the 
photo-excited primary donor, P700*. Currently, Aq is generally presumed to he a chlorophyll-a mole- 
cule and, according to three-dimensional structure studies hy X-ray crystallography, is situated 12 A 
from the bridging chlorophyll (refer to Chapter 25) near the P700 dimer, as shown in Fig. 1. On the right 
of the figure we show the currently accepted sequence of electron carriers starting from the primary 
electron donor P700. Below it is the 1979 version of the PS-I electron-carrier sequence. The latter scheme 
relates to the consensus on the PS-I primary acceptor around that time and shows some confusing no- 
menclature for the early electron carriers. For instance, the primary acceptor was designated as “A|” and 
the species now called A| (shown in white on hlack) had not yet been identified. 




P700— >(^A^— >A,— >FeS-X— >[FeS-A/FeS-B] 
(current) 



P700^(5) ^ H ^FeS-X^[FeS-A/FeS-B] 

II 

"A," (ca. 1979) 



Figure 1. Position of the primary electron acceptor Aq and the electron-carrier sequence of photosystem I. 
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I. Early Spectroscopic and EPR Studies of Ao 

I. A. Optical Spectra 

Spectroscopic measurements used for isolating the difference spectrum of Ao, i.e., AA[Aq -Aq], were 
pursued at several laboratories around 1978. Most measurements used PS-I particles that had undergone 
photoaccumulation at very low redox potential so that all secondary acceptors following Aq were photo- 
chemically reduced and kept reduced at cryogenic temperatures. With such a sample, charge separation 
between P700 and Aq would be expected to take place under illumination: 

hv 

{P700-Ao-Ar-FeS-X-'[FeS-A/FeS-B] } {P700" Ao--A, FeS-X- [FeS-A/FeS-B]-} 

Thus, the composite difference spectrum of AA{[P700*-Ao"]-[P700-Ao]} could be constructed from the 
light-induced absorbance-change transients, and then the difference spectrum for Aq could be obtained 
by subtracting that for P700 photooxidation alone. 

As noted in Fig. 1, up to about 1978 phylloquinone, which is presently known to occupy the A| site, 
had not yet been identified and the designation “A)” was generally applied to the primary electron 
acceptor that is now called Aq. Thus, the primary acceptor that was formerly called A] is nowcalled A(>. 
Also, as the true A| was not recognized, the reaction that was considered to be due to Aq in the earlier 
work might, in some cases perhaps, consist of an unsuspected contributions from A|. However, as the 
absorbance change associated with the redox change of A] (a quinone molecule) is negligible in the 
visible region, it presents negligible interference with the chlorophyll-type difference spectrum associ- 
ated with Aq reduction. 

Spectroscopic measurements usins microsecond flashes: Charge separation between P700 and A^ was 
initially “isolated” spectroscopically using PS-I fragments by Mathis, Sauer, etal}’ ^ and by Shuvalov, 
Dolan and Ke^. The PS-I particle used by Mathis, Sauer and Remy* was prepared from tobacco chloro- 
plasts by SDS treatment. This SDS-particle, a CPI, is essentially a PS-I core complex without the three 
iron-sulfur centers. Flash-induced absorbance-change transients were measured over a wide tempera- 
ture range from 294 K down to 5 K. At 294 K, was ~1 0 ps, increasing as the temperature was lowered 
to 60 K, in conformity with a required activation energy of 0.94 kcal/mole. Below 60 K, remained 
practically unchanged at 550 /asv implying a tunneling mechanism [see Fig. 2 (D)]. Given the uncertain 
status of the PS-I core complex with respect to A), the photochemical reaction may be formulated as 
follows: 

core complex (CPI) h v charge separation charge recombination 

{P700-Ao-A,(?)} {P700^-Ao'-A,(?)} {P700'Ao’A,(?)} 

That the reaction was considered to involve P700 and the primary acceptor was based largely on the 
rapid rate of recombination and on the nature of the complex. Since most of the secondary iron-sulfur- 
center acceptors were absent in the complex, no reducing potential was needed to maintain them in the 
photochemically inactive state. On the other hand, the states ofA| under the experimental conditions 
was unknown. As can be seen in Fig. 2 (A), the difference spectrum constructed from the absorbance- 
change transients is essentially a P700 difference spectrum, and no spectral information is revealed 
relative to the primary acceptor Aq. 

In 1979, Sauer, Mathis, Acker and van Best^ and Shuvalov, Dolan and Ke^ used TSF-I particles, a 
more intact reaction-center complex, and maintained them at ~ - 0.62 V (with dithionite) plus either 
neutral red or background illumination in order to trap the iron-sulfur proteins in the reduced state. 
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1/T, K'’ X 10^ 



Fig. 2. (A) Flash-induced AA in the SDS-fractionated PS-1 core complex (CPI) at 5 K [• with and o without DCIP); (B) Flash-induced 
M in TSF-I particles containing dithionite and neutral red at pH 10 and frozen while being illuminated; (C) left: AA induced by 300- 
ns, dye laser flashes [71 0 nm for the blue and green region; 590 nm for the red region]; insets show individual AA transients at 696 
and 480 nm; (C) right: The difference between the difference spectrum in the left panel and that of P700. (D) Plot of the rate 
constant vs. reciprocal temperature. Figure source; (A) Mathis, Sauer and Remy (1978) Rapidly reversible flash-induced electron 
transfer on a P-700 chlorophyll-protein complex isolated with SDS. FEBS Lett 88: 277; (B) Sauer, Mathis, Acker and van Best 
(1979) Absorption changes of P-700 reversible in milliseconds at low temperature in Triton-solubilized photosystem I particles. 
Biochim Biophys Acta 545: 469; (C and D) Shuvalov, Dolan and Ke (1979) Spectral and kinetic evidence for two early electron 
acceptors in photosystem I. Proc Nat Acad Sci, USA 76: 771 . 773. 

Sauer et al.^ measured a decay time //, of 0.94 ms, unchanged from 4.2 to 50 K, for the flash-induced, 
reversible absorbance changes between 500 and 900 nm. With increasing temperature, above 80 K, 
Shuvalov found that the halftime of the predominant decay component steadily decreased to ~ 5 
near room temperature [see Fig. 2 (D)]. The difference spectrum constructed from AA values in the 100- 
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120 K range (/i/~100-/«)is shown in fignre 2 (B). Shnvalov et al? constructed the difference spectrum 
from AA values measured at 5 K, as shown in Fig. 2 (C), left panel. Both groups interpreted the ahsor- 
hance changes as arising from photoinduced charge separation between P700 and Aq in the PS-1 com- 
plex, where all iron-sulfur centers had been pre-reduced, followed by charge recombination in the dark; 

hv charge separation 

{P700 Ao-A,(?) ■FeS-X- [FcS-A/FeS-Bn -> {P700" Ao'A,(?) I-eS-X -[FeS-A/FcS-B] } 

{P700-Ao-A,(?)-FcS-X [FeS-A/FcS-B]-} 

dark charge recombination 

The difference spectra obtained by both groups [Figs. 2 (B) and (C)] resemble that due to P700 photo- 
oxidation. On the assumption that the difference spectrum in Fig. 2 (C) left is a composite consisting of 
approximately equal contributions by P700 and Aq, i.e., AA[P700^- P700] and AA[Aq -Aq], Shuvalov 
et al? separately measured the difference spectrum for[P700"^- P700] and subtracted it from the compos- 
ite spectrum in Fig. 2 (C), left panel to obtain the difference spectrum for the AA[Aq -Ao], as shown in 
Fig. 2 (C) right panel. While the latter spectrum bears some resemblance to that of [P700*- P700], it is 
also very similar to that for the formation ofChl-a anion radical in solution (shown by the dashed trace) 
as reported by Fujita et al.‘^, except for a shift toward longer wavelengths by ~25 nm. 

Photoaccumulation of reduced Anby steady illumination: In later investigations, several groups at- 
tempted to obtain the difference spectrum of reduced Aq by photoaccumulation using rteady illumina- 
tion. In the study reported by Swarthoff, Cast, Amesz and Buisman^, TSF-1 particles were used in a 
medium of pH 10 at a redox potential of -625 mV (only dithionite present). Absorbance-change tran- 
sients were obtained by 3-^ illumination. As mentioned above, under steady illumination the oxidized 
primary donor is continually re-reduced and the difference spectrum constructed from the absorbance- 
change signals directly yields the difference spectrum shown in Fig. 3 (A), with negative bands at 420 
and 670 nm and positive bands at 460 and 690 nm. This difference spectrum was also considered to be 
consistent with the reduction of a monomeric chlorophyll-a molecule acting as Aq- 

In 1984, Ikegami and Ke^ isolated the difference spectrum of Aq” from a highly enriched particle that 
contained ~12 Fe and S atoms and 10-15 chlorophylls per P700. Photoaccumulation of Aq" was achieved 
by illuminating a sample containing 10 ruM dithionite for a period of up to 20 minutes at about -40 °C 
and then immediately cooling it rapidly in liquid nitrogen. An identical sample was illuminated for 2 
minutes near 0 °C and then frozen in liquid nitrogen in the dark for use as a reference sample. The 
difference spectrum measured between the sample and reference at 77 K shows absorbance decreases at 
420, 440 and 670 nm and increases at 455 and 700 nm [Fig. 3 (B)]. 

This spectrum agrees quite well with that shown in panel (A) but displayed more details in the blue 
region. The extensively illuminated sample was examined separately by EPR spectroscopy and a 14-G 
wide free-radical signal atg=2.0 was obtained (not shown). The optical and EPR spectra together strongly 
support the suggestion that the photoaccumulated Aq' is a chlorophyll anion radical. 

It is worth noting that, because of the enrichment of reaction-center components in the ether-extracted 
PS-1 particles as prepared by Ikegami and Ke^, it has been possible to measure the difference spectrum of 
a component of low concentration such as Ao directly in a conventional commercial instrument (Hitachi 
model 557 dual-wavelength spectrophotometer) as illustrated by the results in Pig. 2 (B) above. Ordi- 
narily, such difference spectra are obtained from flash-induced transients measured with specially-built, 
high-sensitivity instruments. 
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Fig. 3. (A) Difference spectrum constructed from absorbance change transients in PS-1 particles poised at — 625 mV [in the 
presence of dithionite) in a pH 10 buffer. Each transient was induced by a 3-s illumination; (B) AA obtained directly with a P700- 
enriched, PS-1 particle in a conventional, commercial spectrophotometer in the light-minus-dark mode; (C) AA between 350 and 
750 nm measured at 200 K with a Triton-fractionated, PS-1 particle from pea chloroplasts; the spectrum shown was obtained by 
first illuminating at 200 K for ~45 m and then at 215 K for three 30-m incremental periods. Figure source: (A) Swarthoff, Cast, 
Amesz and Buisman (1982) Photoaccumulation of reduced primary electron acceptors of photosystem I of photosynthesis. FEBS 
Lett 146: 131; (B) Ikegami and Ke (1984) A 160-kiiodalton photosy stem-1 reaction-center complex. Low temperature absorption 
and EPR spectroscopy of the early electron acceptors. Biochim Biophys Acta 764: 75; (C) Mansfield and Evans (1985) Optical 
difference spectrum of the electron acceptor Aa in photosystem I. FEBS Lett 190: 239. 



Subsequently, Mansfield and Evans^ performed similar experiments using aPS-I particle fractionated 
by Triton treatment of pea chloroplasts. Initial illumination ofthe PS-I particle containing dithionite at 
pH 10 was carried out at 200 K, but no significant spectral signals developed even after more than 16 
minutes of illumination. However, separate EPR experiments with the same PS-I particle under an iden- 
tical illumination regime showed a radical signal attributable to A]". When the PS-I particle was illumi- 
nated at 215 K, an absorbance-change signal characteristic of chlorophyll developed. (See Section I. B. 
below for a discussion on EPR signals associated with the reduced PS-I acceptors A| and Aq" formed by 
photoaccumulation.) The difference spectrum developed after ~90 minutes of illumination at 215 K and 
recorded at 200 K is shown in Pig. 3 (C). The difference spectrum shows bleaching at 405, 430 and 670 
nm and absorbance increases at 450 nm and near 690 nm, plus some ill-defined changes in the 480-550 
nm region. The amplitudes of the major changes are directly proportional to the illumination periods, 
indicating that the changes belong to a single component or a pair ofreacting partners. The similarity of 
this difference spectrum to the in vitro spectrum ofthe Chl-a anion radical reported by Pujita et al.^ also 
led Mansfield and Evans to the same conclusion that the primary electron acceptor A^ in photosystem I 
is most likely a monomeric chlorophyll a. 
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Note that the positions of the red hleach hand obtained for Aq" by steady illnmination and by flash 
excitation were different: steady illnmination yielded a red band at 670 nm (see Fig. 3) while flash 
excitation prodnced a red band near 694 nm (see Fig. 2 and those obtained by nsing flash excitation in 
section II below). The reason for this discrepancy is not yet clear. It has been snggested by Mathis et al. 
later that when steady illnmination is nsed nnder strongly reducing conditions, the initially formed Aq" 
may be able to reduce a neighboring 670 nm-absorbing chlorophyll-a molecule. If so, the EPR spectrum 
obtained under steady illumination and attributed to Aq formed might actually belong to some chloro- 
phyll-a molecule in the vicinity of A^^ (possibly the monomeric, bridging Chi a between P700 and Ao in 
Fig. 1) rather than Aq’' itself. Brettel’^'' recently put forward two alternative suggestions: either the spec- 
tral properties of Aq are being modified by the harsh reducing conditions used during the 
photoaccumulation experiments or some, as yet unknown, electrochromic band-shift exerted by either 
P700^ or Ao“ on its opposite partner could result in a blue-shifted band maximum for AA[Ao‘-Ao]. 



I. B. EPR Spectra 

The possibility of the reduced primary electron acceptor Aq" being a (chlorophyll-a) anion radical nat- 
urally led to an investigation using EPR spectroscopy. In parallel with the optical-spectroscopic mea- 
surements of the primary electron acceptor Aq illustrated in Pig. 2 (C), Shuvalov et al^ carried out EPR 
measurements in theg=2.0 region with TSP-I particles poised at -625 mV. In agreement with the optical 
measurements, the kinetics of the EPR signal in the g=2.0 region has two exponentially decaying com- 
ponents: one whose lifetime of 1.3 ms remained almost constant in the 5-70 K region [cf. Pig. 2 (D)] and 
another with a lifetime of -100 ms (130 ms at 7 K). The fast and slow components can be seen in traces 
(a) and (b), respectively, in Pig. 4. 

The EPR spectrum of the slowly decaying component, with a g-value of 2.0025 and a linewidth of 
8-9 G, represents P700^ and is shown by the continuous trace in Pig. 4 (A, c); it was also obtained by 
steady illumination at 56 K of TSP-I particles poised at -625 mV. The EPR spectrum constructed from 
the l-ms decay components measured at 56 K appears asymmetric, has ag-value of 2.004±0.0005 and a 
linewidth of- 10 G, as shown by the curve with open circles in Pig. 4 (A, c). Pollowing the interpretation 
of the flash-induced, optical absorbance changes obtained under identical conditions, namely, that the 
\-ms decay component represents recombination between P700'" and the reduced Chi a-type primary 
acceptor (Ag ), the EPR spectrum constructed from the l-ms component of the EPR transients was 
considered by Shuvalov et al.^ to be a composite of two free-radical signals, namely, P700* and Chi a', 
or Aq”. The signal-to-noise ratio in the reconstructed spectrum did not permit the signals for P700* and 
Aq to be clearly resolved. The overlap of the EPR spectra of the two radicals also prevented detailed 
characterization or analysis of the spectrum of the primary electron acceptor. As seen below, this prob- 
lem was partly remedied by adopting appropriate experimental conditions to isolate this spectrum. 

Bonnerjea and Evans^ subsequently applied the same illumination protocol used by Mansfield and 
Evans^ to the PS-I particle whose iron-sulfur proteins had been pre-reduced in an attempt to observe the 
EPR spectra of the reduced form of the earlier electron acceptors without interference by an overlapping 
signal from the primary donor P700'. They used a sample of spinach TSP-I particles containing 0.1% 
dithionite and pre-illuminated to reduce the iron-sulfur proteins while being frozen in liquid nitrogen. 
The frozen sample was then brought to 230 K and illuminated for a given period of time, after which its 
EPR spectrum was measured at 112 K. Pig. 4 (B) shows the EPR spectra that developed in theg=2.0 
region after the chemically reduced PS-I particle had been illuminated for various periods of time. After 
a 2-minute illumination, an asymmetric, 10.5 G-wide EPR spectrum centered atg=2.0051 was observed. 
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Fig. 4. (A) Flash-induced EPR transients measured at 54 K (a) and 7 K (b) at two different time scales with TSF-I particles poised 
at -625 mV; (c) EPR spectrum constructed from the amplitudes (small open circles] of the 1-ms decay component such as shown 
in (a) See text for discussion of g=2.0025 spectrum. (B) EPR spectra of anaerobic TSF-I particles in the presence of dithionite and 
illuminated at 230 K for times indicated. Sequential development of a 10.5 G-wide, g=2.0051 semiquinone signal representing A,' 
and a 13.4 G-wide, g= 2.0024 Chl-a anion radical representing Aj,'. Spectra recorded at 1 12 K. Figure source; (A) Shuvalov, Dolan 
and Ke (1979) Spectral and kinetic evidence for two early electron acceptors in photosystem I. Proc Nat Acad Sci, USA 76; 772; 
(B) Bonnetjea and Evans (1 982) Identification of multipie components in the intermediary electron carrier complex of photosystem 

I. FEBS Lett 148; 314. 

Upon additional illumination, the signal increased in amplitude and changed to a near-Gaussian shape, 
while the linewidth gradually increased to 13.4 G and the g-value shifted to 2.0033. These results sug- 
gest that two electron acceptors located between P700 and the three iron-sulfur proteins had been 
sequentially photoaccumulated in the reduced state and that each was in an approximately stoichiomet- 
ric amount to P700. The initial 10.5 G-wide EPR spectrum centered at g=2.0051 and the 13.4 G-wide 
line at g-value of 2.0033 which appeared with longer illumination times were considered to represent the 
phyllosemiquinone free radical of A| and Aq, respectively. The organization of the PS-I reaction-center 
represented by {P700-Ao'A|'FeS-X-[FeS-A/FeS-B]} was supported by the additional EPR studies of 
Gast, Swarthoff, Ebskamp and Hoff^ and McCracken and Saner'®. 

II. Spectra and Reaction Kinetics of Aq by Rapid-Spectroscopic Measurements 

The lifetime of the charge-transfer state, [P700^-Ao']» is expected to be extremely short and the time 
required to form this state shorter yet. Thus attempts to use picosecond spectroscopy to examine the 
behavior of Aq were made soon after the studies described above were reported. Eollowing the earlier 
picosecond studies in 1979, additional studies began to provide not only more detailed but considerably 
improved spectral and kinetic information about the primary acceptor Aq. In this section, we will sum- 
marize the results of these picosecond studies in approximate chronological order. 

II. A. Early Picosecond Measurements {Urbana, Yellow Springs-Pushchinoy^'^^ 

Initial picosecond studies were reported by Eenton, Pellin, Govindjee and Kaufmann of Urbana' ' and 
by Shuvalov, Ke and Dolan of Yellow Springs'^. Eenton et al. used a PS-I particle fractionated from 
spinach thylakoids and %-ps, 528-nm pulses for excitation. They measured the kinetics of the absorbance 
increase near 800 nm and confirmed that P700 was photooxidized within 10 ps of the excitation flash. 
The authors also suggested that a reduced electron acceptor absorbing at 700 and 730 nm was formed 
always within 10 ps and was then reoxidized in tens of picoseconds. 
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Shuvalov et al}^ used TSF-I particles with Clil/P700«26 and single, -SO-pi' ruby-laser pulses at 694.3 
nm for excitation. A portion of the laser pulse, directed by a beam splitter and optically delayed, served 
as the monitoring beam. As shown in Fig. 5 (A), with the PS-I particle poised at -200 mV and an 
instrument resolution time of 60 ps, a bleaching at 694.3 nm was observed with an amplitude approxi- 
mately twice that attributable to P700 photooxidation alone (as indicated by the dashed-line portion). 
The change decayed from the maximum level to the level of steady-state bleaching with a ty, of -200 ps. 
The 200-/75’ decay time was interpreted as due to re-oxidation of the reduced primary electron acceptor 
by the next electron acceptor along the electron-transport chain. Note that when P700 was pre-oxidized 
by a continuous background illumination, the absorbance change induced by a picosecond pulse was 
diminished -10-fold [Fig. 5 (A, b)]. When the PS-I particle was maintained at - -625 mV to pre-reduce 
all secondary acceptors, picosecond-pulse excitation produced the same initial absorbance decrease, but 
the signal decay had an initial /./, of -10 ns and extended into the /.is domain [Fig. 5 (B)]. As seen from 
Fig. 2 (C) above, the same reaction at 5 K had a lifetime of 1.3 ms. Thus, the initial rapid absorbance 
decrease was interpreted as due to the formation of the radical pair [P700'*-Ao"], and the 10-«^ decay as 
reflecting recombination ofthe radical pair plus some interconversion into a triplet state that decayed in 
3 /IS- (and 1.3 ms at 5 K). 

As only 694. 3-nm light was available for the above experiments, spectral information on the presumed 
primary electron acceptor was limited. Further work over a broad spectral range with the TSF-I particle 
was continued atPushchino by Shuvalov, Klevanik, Sharkov, Kryukov, and by Ke ofYellow Springs*^. 
Excitation pulses at 689 and 708 nm with 30-ps duration were generated as stimulated Stokes Raman 
emission by passing a frequency-doubled Nd-YAG pulse through deuterated ethanol, in conjunction 
with a single-pulse isolation system. Part ofthe Nd-YAG pulse was also used to generate a picosecond 
continuum in D 2 O, from which monitoring light of selected wavelengths was isolated by a monochro- 
mator. The results are presented in the lower half ofFig. 5. 

Fig. 5 (C) shows AA at 694 nm produced by a 708-nm excitation pulse in TSF-I particles poised at 
- 200 mV. The AA reached a maximum in <30 ps and decayed in two phases with lifetimes of -45 and 
210 ps, respectively, to a level corresponding to P700 photooxidation alone, as shown in Fig. 5 (C, a). 
The 210-p^ phase, presumably the same as the rapid decay phase in Fig. 5 (A, a), was also observed at 
484 and 800 nm. This 210-p^ phase was greatly diminished in a sample in which P700 was photooxi- 
dized by prior illumination while the A5-ps phase was unaffected [trace (C, b)]. PS-I particles heated to 
inactivate the bound iron-sulfur proteins gave an enhanced A5-ps phase and another phase that decayed 
in a time longer than 2l0ps [trace (C, c)]. The 45-ps phase, which was observed mostly below 690 nm 
and was apparently unaffected by the prior oxidation of P700, was attributed to excited antenna-chloro- 
phyll molecules. 

Fig. 5 (D) shows the spectra of light-induced absorbance changes measured 150 and 800 ps after 
excitation of TSF-I particles poised at 200 mV by 708- or 689-nm flashes. The 150-p^ spectrum has a 
maximum absorbance increase in the 750-nm region; the 800-J95’ difference spectrum coincides well 
with the difference spectrum of [P700'-P700], shown as a dashed curve. The flash-induced AA spectrum 
in the 450-600 nm region is also similar to that for P700 and is shown in Fig. 5 (E). Based on the 
assumption that the 150-p^ difference spectrum consists of changes due to primary-donor photooxida- 
tion and primary-acceptor photoreduction, while in the 800-/JS difference spectrum only changes due to 
the photooxidized P700 remain, it should be possible to obtain the difference spectrum of the photore- 
duced primary acceptor, i.e., AA[Ao" -Aq], as a temporal difference in absorbance. In Fig. 5 (F), the solid 
trace derived from the difference between the 150-p^ and the 800-p5 difference spectra in panels (D) and 
(E) represents AA[Ao" -Aq]. As expected, the plotted A(AA) closely resembles that reported by Fujita 
et al.'^ for the formation ofthe Chl-a anion radical in vitro, and almost coincides with it (the dashed trace) 
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when the latter is shifted by ~25 nm toward the red. From these results, the millimolar extinction coeffi- 
cient of Aq was estimated to be 46 mM '-cm ' at its red maximum, using 64 mM''-cm~' as the corre- 
sponding value for P700. Because of the location of the major red band of Aq near 693 nm, the authors 
suggested that it might be a Chl-a dimer, although as we know now it is a monomer. 
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Fig. 5. (A) AA at 694 nm in TSF-I particles poised at -200 mV and excited by 50-ps flashes at 694.3 nm [(trace (a)] and AA 
measured in TSF-I particles with P700 pre-oxidized by background illumination [trace (b)]; (B) AA measured in TSF-I particles 
poised at -625 mV (note the different scales for the time axes); (C) AA at 694 nm measured in TSF-I particles (a) poised at -200 
mV, (b) P700 pre-oxidized by continuous illumination, and (c) heat treated to inactivate the bound iron-sulfur centers; (D) AA (red- 
region) measured in TSF-I particles 1 50-ps and 800-ps after the flash; 30-ps flashes at either 708- or 689-nm were used [see data- 
point code in the inset]. Note the different absorbance scales used. (E) AA (450-600 nm) induced by 30-ps. 689-nm flashes; (F) 
solid trace is the difference between AA measured at 1 50-ps and 800 ps; the dashed trace is the in vitro difference spectrum for 
Chl-a anion radical, shifted toward the red by -25 nm. Figure source: (A) and (B)from Shuvalov, Ke and Dolan (1979) Kinetic and 
spectral properties of the intermediary electron acceptor A, in photosystem I. Subnanosecond spectroscopy. FEBS Lett 1 00: 6; 
(C)-(F) from Shuvalov, Klevanik, Sharkov, Kryukov and Ke (1979) Picosecond spectroscopy of photosystem I reaction centers. 
FEBS Lett 107: 314, 315. 
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H.B. Extended Picosecond-Spectroscopic Studies {Leiden, Argonne-Urband)^'^'^^ 

Picosecond spectroscopic studies ofthe PS-I primary electron acceptor Aq were continued by Shuvalov 
and collaborators in Leiden in the mid-1980s. A Triton-fractionated PS-I particle from spinach with a 
Chl/P700 of -70-100 was used. Because it was less harshly treated than the TSF-I particle used previ- 
ously*^’ it was presumed to be more intact. Nuijs, Shuvalov, van Gorkom, Plijter and Duysens in 
Leiden’"* used a35-p^, frequency-doubled Nd-YAG pulse at 532 nm for excitation. Part ofthe 1064-nm 
beam was focused on a water cell to generate a picosecond continuum to be used as the monitoring beam 
after passing through a monochromator. 

Nuijs eta/.’"* reported that excitation with the 532-nm, picosecond pulse produced absorbance changes 
due to photooxidation of P700 as well as the formation of singlet- and triplet-excited antenna chloro- 
phyll a. The formation of excited chlorophyll a was indicated by the bleaching ofthe chlorophyll-a Qy 
band at 685 nm as well as by absorbance increase in the 550-900 nm region. The lifetime ofthe singlet 
excited Chi a was estimated to be 40±5 ps. From -200 ps to -4 ns and beyond, a constant bleaching due 
to the excited-triplet chlorophyll was observed, lasting for at least 4 ns. Although primary charge sepa- 
ration between P700 and the Chi a-type primary acceptor is expected to take place in an “open” reaction 
center, the expected absorbance change due to oxidation ofthe primary acceptor could not be confirmed, 
presumably because it was masked by the simultaneous and much stronger absorbance change of the 
excited antenna chlorophyll molecules. To obtain the spectral profile and kinetics ofthe excited antenna 
chlorophyll, a “closed” PS-I reaction center in which P700 was pre-oxidized by ferricyanide or by back- 
ground illumination was used, the assumption being that antenna excitation is independent of the redox 
state of the primary donor P700. 

Only in the reduced reaction centers, i.e., those in which the iron-sulfur-protein secondary acceptors 
are chemically pre-reduced and the lifetime ofthe photoinduced radical pair thereby increased to -25 ns, 
can the difference spectrum of the Chi a-type primary electron acceptor Aq be isolated from the chloro- 
phyll antenna excitation bands. The [Aq -AqJ difference spectrum was thusobtainedwithamajorbleaching 
band at 693 nm in agreement with the earlier results of Shuvalov et as presented above in Fig. 5 

(F). 

By using the aforementioned experimental procedure, Nuijs et al. were able to isolate the difference 
spectrum for the presumed Chi a-type primary acceptor Aq. The [P700*-P700J difference spectrum ob- 
tained by picosecond excitation in an “open” PS-I reaction center recorded at 200 ps after the flash and 
corrected for changes due to excited triplet chlorophyll was obtained. This spectrum shown as the dashed 
spectrum in Fig. 6 (A) is in good agreement with a P700 difference spectrum obtained by a repeated on- 
off illumination protocol and presented as “crossed” data points in the same figure. A difference spec- 
trum consisting of changes due to charge separation, i.e., AA{[P700Np700]+ [Aq'-Aq]}, was obtained 
by picosecond excitation of a PS-I particle in which the iron- sulfur proteins had been pre-reduced by 
dithionite; it was measured 500p^ after the flash and later corrected for changes of excited chlorophyll 
triplet state, with the results shown in Fig. 6 (B). The difference spectrum for the reduced primary 
electron acceptor A^, i.e., AA[Ao‘‘-Ao]» was obtained from the difference spectra in Figs. 6 (A) and (B) 
and is shown in Fig. 6 (C). Note that the major band ofthe difference spectrum thus obtained is also 
located at 694 nm, in good agreement with the results previously reported. 

The difference spectrum and reaction kinetics of the primary electron acceptor Aq were also investi- 
gated by Shuvalov, Nuijs, van Gorkom, Smit and Duysens’^ using experimental procedures slightly 
different from that just described, but using the same relatively intact PS-I particle. To minimize or 
eliminate absorbance changes due to excited antenna chlorophyll that could mask changes due to the 
primary electron carriers occurring within the same time domain, Shuvalov et a/.’^ used 710-nm pulses 
to selectively excite P700 in order to avoid forming the excited antenna-chlorophyll molecules. Single 
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Fig. 6. (A) Picosecond pulse-induced {•) and continuous light-induced (x) difference spectrum for [P700*-P700] in PS-1 particles 
poised at ~ 200 mV; (B) Difference spectrum in pre-reduced PS-1 particle induced by 35-ps flash, recorded 500 ps after the flash, 
and corrected for the absorbance changes due to excited states of antenna chlorophyll; (C) the difference spectrum between (B) 
and (A), yielding the .•iA(A„'-AJ. Figure source: Nuijs, Shuvalov, van Gorkom, Plijter and Duysens (1986) Picosecond absorbance 
difference spectroscopy on the primary reactions and the antenna-excited states in photosystem I particles. Biochim Biophys 
Acta 850: 316, 317. 

35-ps pulses were produced as a stimulated 710-nm emission by passing a frequency-doubled Nd-YAG 
pulse through liquid nitrogen. As described above, the monitoring beam was produced by passing a 
highly focused portion of the Nd-YAG beam through D 2 O to generate a picosecond continuum. The 
continuum was allowed to impinge onto the sample directly and the transmitted beam then passed through 
a monochromator equipped with a multichannel analyzer to record the transmitted light before and after 
flash excitation. 

Fig. 7 (A) shows the results of data obtained with the PS-I particle poised at a moderate redox potential 
of -200 mV. Thedifference spectra produced by exciting with 710-nm, 35-ps pulses were recorded at 
5 ns and 880 ps after the flash and presented as traces (a) and (b), respectively, in Fig. 7 (A). The 
difference spectra are practically the same and represent AA[P700Np700], with a major bleaching at 700 
nm and a minor one at 683 nm. In contrast to the difference spectra obtained by excitation at 532 nm, 
there is negligible contribution due to excited antenna chlorophyll. The results indicate that at 880 ps, the 
primary electron acceptor had already been reoxidized, as little absorbance change attributable to the 
reduction of Aq remained. Meanwhile, P700' had not yet been re-reduced even 5 ns after excitation. 
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Fig. 7. Difference spectra of PS-1 particles containing ascorbate and PMS (A) and containing dithionite and PMS pius background 
illumination to maintain all secondary acceptors chemically reduced (B). Spectral changes induced by 35-ps, 710-nm pulses and 
recorded 5 ns and 880 ps after the pulse are shown in (A, a) and (A, b). respectively. Spectrum recorded 21 ps after the center of 
the 35-ps pulse is shown in (A, c) [solid trace). The dashed trace was similarly measured as the solid trace, except the 35-ps. 710 
nm pulse was applied 2 ns after the sample was pre-flashed by a 35-ps, 532-nm pulse. Difference spectra of pre-reduced PS-I 
particles induced by 35-ps, 710-nm pulses and recorded 370 ps, 5 ns, and 55 ns after the pulse are shown in (B-a, -b and -c), 
respectively. The dashed spectrum in (B. a) represents the difference between the solid and dashed traces in (A, c). Difference 
spectrum for IA„--AJ obtained by subtracting the difference spectrum in (A, a) from the solid spectrum in (B, a) after normalizing 
at 700 nm. Figure source: Shuvalov, Nuijs, van Gorkom, Smit and Duysens (1986) Picosecond absorbance changes upon 
selective excitation of the pnmary electron donor P-700 in photosystem I. Biochim Biophys Acta 850: 320-322. 

When the transient spectrum was recorded 21 ps after flash excitation, as shown by the solid-line trace 
in Fig. 7 (A), spectrum (c), the major bleaching was still at 700 nm, but there was considerable additional 
bleaching between 680 and 700 nm. This additional bleaching was investigated by the following experi- 
ment: the sample was pre-illuminated with a 35-pi, 532-nm excitation flash and then a 35-ps, 710-nm 
excitation flash was applied 2 ns later. By pre-illuminating the sample with the 532-nm flash, a certain 
fraction of the P700 in the sample will have been oxidized and remain oxidized for at least 2 ns. Depend- 
ing on the fraction ofP700 photooxidized by the 532-nm pre-flash, the amount ofP700 photooxidized 
by the subsequent 710-nm flash should be diminished proportionally. On the other hand, under these 
conditions, if excitation of antenna chlorophyll by the 710-nm flash took place and was responsible for 
the enhanced absorbance near 680 nm, the prior 532-nm flash should have no effect on the absorbance 
change by the 710-nm flash as the excited chlorophyll decays much faster than 2 ns. The difference 
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spectrum induced by the 710-nm flash in the pre-flashed sample is shown by the dashed trace in Fig. 7 

(A) , spectrum (c). This difference spectrum has nearly the same profile as that obtained with the same 
sample without pre-flashing (solid trace), except it has an amplitude lower by a factor of 3.5. These 
results indicate that 70% of the P700 was photooxidized by the pre-flash. The amplitude at 680 nm was 
found to have decreased by -60%, suggesting that little of the 680-nm change could be attributed to 
direct excitation of antenna chlorophyll. 

As P700 photooxidation contributes relatively little to the 690-nm change, it was surmised that the 
latter change might be due to the Chi a-type primary acceptor A^. Deconvolution of the absorbance- 
change kinetics at 690 nm was carried out based on an assumed Gaussian shape for the 35-ps excitation 
pulse, giving an estimated lifetime of 32±5 ps for the transient species contributing to the 690-nm change. 

Absorbance changes in the PS-I particle pre-reduced by dithionite/PMS plus background illumination 
were induced by 35-ps, 1 10-nm pulses and recorded 370 ps and 5 ns after excitation, as shown in Fig. 7 

(B) , traces (a) and (b), respectively. These two difference spectra are similar to each other but different 
from that ascribed to AA[P700^-P700] alone, as both difference spectra showed appreciable bleaching at 
690 nm relative to that at 700 nm. The difference spectrum recorded 55 ns [Fig. 7 (B, c)] after the pulse 
may be attributed to the triplet state of -30% of the P700. 

The difference spectra obtained 21 ps after the 35-ps, 710-nm pulse in PS-I particles poised at a 
moderate redox potential, without and with pre-flashing by a 532-nm pulse, together with those mea- 
sured in pre-reduced PS-I particles recorded 310ps and 5 ns afterwards led Shuvalov et al}^ to conclude 
that both groups of spectra arise from charge separated state of the primary donor- acceptor pair, i.e., 
AA{[P700^-P700]+[Ao'-Ao]}. Under the assumption that in the pre-reduced PS-I sample part of the 
radical pair was converted to ^ P700, one should be able to obtain the spectrum due to the photoreduction 
ofAo toA(j' by subtracting the spectrum representing P700'^ formation alone from that for the radical- 
pair formation. Such a subtraction was made between tbe solid spectrum in (B, a) and that in (A, a), with 
the result shown in Fig. 7 (C). 

The difference spectrum for [Aq'-Aq] shows a major bleaching at 690 nm plus a shoulder at 675 nm. 
Except for the 675-nm shoulder, the net spectrum obtained here also agrees with that obtained by Nuijs 
et al}"^ using a 532-nm excitation pulse [cf. Fig. 6 (C)]. It also agrees with the in vitro spectrum for the 
Chl-fl anion radical of Fujita et al\ except for a -25 nm red shift. Shuvalov et a/.’^ thus concluded that 
the primary electron acceptor Aq in photosystem I is a Chi a-type molecule with a major absorption near 
690 nm and has a forward electron-transfer time of 32±5 ps. In the pre-reduced state, the induced radical 
pair recombines in -55 ns, with partial conversion into triplet P700. 

Note that the newly estimated lifetime of 32±5 ps for the photoreduced primary electron acceptor is 
shorter than the 200 ps reported previously*^’ *^. This difference has been attributed to the different 
nature of the PS-I particles used in the two studies. As the PS-I particle used in the earlier studies had 
only 26 Chi per P700 vs. a ratio of 75-100 in the particles used in the present studies, the extensive 
detergent treatment used to achieve the high P700-to-chlorophyll ratio might have affected the electron- 
transfer rate of Aq and consequently its lifetime. The origin ofthe additional shoulder at 675 nm in the 
fAo"-Aol difference spectrum has not yet been established; it was tentatively explained by Shuvalov et 
al.'^ as possibly due to some contribution from antenna-chlorophyll triplet state, in spite ofthe use of 
710-nm excitation. 

In the meantime, Wasielewski of Argonne and Fenton and Govindjee ofUrbana*^ reexamined their 
earlier work described above** by using the shortest flash thus far reported in the literature dealing with 
the nature of Aq. The authors used a 610 nm, l.5-ps flash to excite PS-I particles similar to those used 
previously**. The study aimed at a higher time resolution (1.5 ps) and also at avoiding a buildup of 
excited states ofantenna-chlorophyll molecules by using pulses with a limited pboton flux. Their results 
are summarized in Fig. 8. 
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Fig. 8. Transient absorbance change at 700 nm (left panel), 810 nm (center) and 690 nm (right) in a PS-1 particle induced by 1 .5- 
ps, 610-nm pulses (after changes due to excited antenna chlorophylls had been subtracted). Figure source: Wasielewski, Fenton 
and Govindjee (1 987) The rate of formation of [P70O* A(T] in photosystem I particles from spinach as measured by picosecond 
transient absorption spectroscopy. Photosynthesis Res 12: 184-186. 

Transient absorbance-change spectra measured at various times after the application of a \.5-ps exci- 
tation pulse showed a rapid absorbance decrease at 7(X) nm and a rapid increase at 810 nm, both changes 
ascribed to the formation of a combination of the excited singlet-state ofP700 and photooxidized P700, 
i.e., P700* and P700'. The kinetics ofabsorbance changes at 700 and 810 nm are shown in Fig. 8 (A) and 
(B), respectively. 

The onset of both changes occurred within the resolution time of the instrument but the changes 
persisted over the 50-ps time span. The 700-nm bleaching was accompanied by slower bleaching at 690 
nm, with an exponential time constant of ~14 ps. The bleaching at 690 nm was attributed to the photore- 
duction of the primary electron acceptor Aq , whose difference spectrum is similar to that of the Chl-a 
anion radical, as reported by Fujita et al*. The relatively slow (~ 14 ps) formation of Ao led these authors 
to speculate that perhaps some other, but as yet undetected acceptor(s) might be reduced by P700* prior 
to Aq formation. As seen below in Section II. D., this possibility is consistent with the particulars of the 
kinetic behavior of Ao“ in regard to its reduction and reoxidation. 

II.C. Nano- and Picosecond Measurements with P700-Enriched Compiexes {Sac/ay, 
Sagamiko-Okazaki)^^' 

The picosecond work described above was soon followed by that of Mathis, Ikegami and Setif at 
Saclay*’, who used the P700-enriched particle®’ in their measurements. Note that ether extraction used 
for its preparation not only removed most of the core-antenna chlorophylls but also the intermediary 
acceptor A|, i.e., phylloquinoneftQ (or vitaminK]). The absence ofthe A | acceptor prevented forward 
electron transfer from the reduced primary acceptor Aq and thus resulted in direct charge recombination 
in the radical pair formed by photoexcitation. The advantage of this reaction route for experimental 
investigation is the higher degree of stabilization (~10^ fold) ofthe separated charge state, thus allowing 
the use of a measuring technique with only nanosecond resolution. 

The PS-I particles were placed in a Tris-glycerol mixture containing dithionite which was then main- 
tained at 250 K. The excitation was made with a lO-ns, 695-nm dye-laser flash and the monitoring light 
was provided by a xenon flash used in conjunction with a monochromator. A difference spectrum for 
[P700 -P700] was separately measured in a conventional two-beam spectrophotometer using an oxi- 
dized sample containing 0.4 mM ferricyanide and a reduced sample (reference) containing an additional 
1.6 mM ferrocyanide. 
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The instantaneous absorbance changes induced by the flash decayed with a major fast phase with 
/i/,=35±5 ns and a slow phase attributed to the P700 triplet but whose lifetime was not determined. The 
absence of the intermediary acceptor A] and the presence of reduced iron-sulfur proteins due to the 
added dithionite allowed the assignment of the 35 decay phase to charge recombination between 
P700' and Aq~. Since the difference spectrum constructed from the fast absorbance changes between 400 
and 870 nm is due only to the formation ofthe radical pair [P700^-Ao'], then AA[Aq -Aq] can be obtained 
by subtracting the separately measured AA[P700^-P700], as described above, from the composite differ- 
ence spectrum, giving the results shown in Fig. 9 (A) [note difference in absorbance scales in the two 
panels]. 

The difference spectra in Fig. 9 (A) were constructed with the following taken into consideration. 
Since it was assumed that most, but not all, of the absorbance change near 700 nm was due to P700, 
Mathis et used a variable weighting factor “a” to represent the fraction ofthe composite AA at 700 
nm that is due to P700. Thus, “1-a” would represent the fraction ofthe AA at 700 nm belonging to Aq. 
The difference spectrum was analyzed in terms of contributions by P700 and Aq by varying the factor 
“a” between 1.0 and 0.6 in increments of 0.05. Thus a series of values were obtained to construct AA 
[Aq -Aq], and those obtained with a=l .0, 0.8 and 0.6 are plotted in the figure. The spectral shape in the 
650-870 nm region is quite unaffected for all “a” values. From the plots in the red region one may 
conclude that photobleaching of A^ occurs near 690 nm. The shape ofthe spectrum again agrees with the 
in vitro spectrum for Chl-a anion radical reported by Fujita et al.^ except for a red shift of ~25 nm. The 
positive band in the far red region is quite intense, with a maximum around 760 nm. The amplitude of the 
difference spectrum in the blue region is relatively low and consequently shows a wide variation for a- 
values between 1.0 and 0.6. The blue band amplitude fits reasonably well with that ofthe Chl-a anion 
radical. Based on the millimolar extinction coefficient of 64 mM''-cm ' for P700, a similar extinction 
coefficient was established for Aq at 690 nm. As noted previously, maximum bleaching ofAohas consis- 
tently been observed near 690 nm when photoexcitation is carried out with short flashes, rather than at 
670 nm as observed in steady-illumination experiments ' . 

Picosecond measurements with the highly P700-enriched, vitamin K|-depleted particle were under- 
taken by Kim and Yoshihara of Okazaki and Ikegami of Sagamiko’^. The transient difference spectra 
were obtained by using a picosecond continuum as the monitoring light so that an entire spectrum could 
be recorded at once with a multichannel detector and analyzed in a manner similar to that used by 
Shuvalov et al}^ (see above). In kinetic measurements, Kim et found that when the particle was 
reconstituted with vitamin K3 [2-methyl-l,4-naphthoquinone, an analogue of vitamin-K|], the flash- 
induced absorbance change decayed in~150/>A' instead of several nanoseconds. The accelerated decay 
presumably reflects forward electron transfer from Ao~ to the A) analogue (vitamin K 3 ). On the other 
hand, the 150-/?^ decay time is considerably longer than the 35 ps usually observed in vivo with vitamin 
K] serving as the native A| acceptor. (Kinetics of this electron-transfer step are discussed below and also 
in the following chapter.) The 150-p^ transfer time suggests that the addedvitamin K 3 is quite accessible 
to Ao“but perhaps not as close as vitamin Ki in vivo. At any rate, the significant acceleration ofthe decay 
ofthe absorbance change upon addition of vitamin K 3 provided strong support to the notion that vitamin 
K| serves as an intermediary electron acceptor in photosystem I. 

Transient difference spectra ofthevitamin K|-depleted and vitamin K3*reconstituted particle recorded 
at the appropriate time after the flash can provide another approach for obtaining the difference spectrum 
ofthe primary electron acceptor Ao of photosystem I, as illustrated by Kim et in Fig. 9 (B). Differ- 
ence spectra ofthevitamin Ki-depleted (solid line) and the vitamin K3-reconstituted particles (dotted 
line) were recorded 2 ns after the flash. The former spectrum should represent the formation of the 
radical pair, i.e., AA{[P700'^- P700] + [Aq -Ao]} in the absence of a secondary acceptor. The latter 
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spectrum should represent only the formation of P700"" since Aq would have been reoxidized after 150 
ps, and any of the cofactors, including vitamin K 3 , that were reduced by Aq 2 ns after the flash are not 
expected to produce any significant absorbance in the red-wavelength region where Chi a absorbs. Thus, 
subtracting the difference spectrum for the vitamin K 3 -reconstitiited particle from that for the vitamin 
K|-depletcd particle, should yield the difference spectrum for the photoreduction ofAo, i.e., AA[Aq -Aq], 
as shown in the lower half of Fig. 9 (B). The resulting difference spectrum shows maximum bleaching at 
686 nm with a slight shoulder near 677 nm, and a broad positive absorbance in the 710-770 nm region. 
The overall spectral features are similar to those already discussed, with the exception that the major red 
band is slightly blue-shifted. 



(A) 

0 
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Fig. 9. (A) AA[A(,'-Ao] in the wavelength region 400 to 850 nm obtained by subtracting the separately obtained AA[P700*-P700] 
from the composite AA{[P700*-P700]+ lAo'-Aj]) constructed from individual flash-induced absorbance-change transients due to 
formation of the radical pair [P700* Ao']. For subtraction of the spectra, a hypothetical factor “a" was used to represent the fraction 
of absorbance difference at 700 nm that is due to P700 change (data points for a=1.0 and 0.6 practically coincide with those for 
a=0.8 in the 450-600 nm region and are not shown). (B) Transient difference spectra for the highly P700-enriched particle whose 
vitamin K, was removed by ether extraction and the same sample which was subsequently reconstituted with a vitamin analogue, 
vitamin K3. The upper difference spectra were obtained for the two particles 2 ns after the flash; the bottom difference spectrum 
was obtained by subtracting the vitamin Kj-reconstituted from the vitamin K,-depleted spectra. Figure source; (A) Mathis, Ikegami 
and S6tif (1 988) Nanosecond flash studies of the absorption spectrum of the photosystem I primary acceptor Aq. Photosynthesis 
Res 16; 208, 209; (B) Kim, Yoshihara and Ikegami (1989) Picosecond photochemistry of P700-enriched and vitamin K^depleted 
photosystem I particles isolated from spinach. Plant Cell Physiol 30: 683. 
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More recently, Kumazaki et al?^’ reexamined the kinetics in ether-extracted P700-enriched particles 
reconstituted with phylloquinone and quinone analogues by directly measuring the kinetics for Aq 
reduction and forward electron transfer by Ao" to the reconstituted Ai- Their results will be presented in 
the following section together with other recent subpicosecond studies. 



II.D. Subpicosecond-Spectroscopic Studies {M iheim a. d. Ruhr, Tempe; and 
Sagamiko-Okazakl)^^-^'^’ ^4 . 25 

Studies up to 1990 had resulted in a difference spectrum for the primary electron acceptor Aq which 
resembled that of the Chl-a anion radical. Because the forward electron transfer by Aq was expected to 
be very rapid, acquiring its difference spectrum was accomplished most often by imposing reducing 
conditions on the sample so that the rapid forward electron transport from Aq could be blocked, thus 
increasing its lifetime and allowing its spectrum to be measured. In all cases the difference spectrum of 
[Ao"-Aq] required the subtraction of AA[P700^-P700] from the composite difference spectrum. Subse- 
quently, the difference spectrum had also been obtained by using open reaction centers. 

In 1993, Holzwarth, Schatz, Brock and Bittermann of Miihlheim^^ carried out a combined study of 
fluorescence and transient absorbance-change kinetics at picosecond resolution to examine both energy- 
transfer and charge-separation processes. These authors used a PS-I complex with a Chl/P700 of -100 
isolated from the thermophilic cyanobacterium Synechocystis sp. by Triton treatment. Surprisingly, the 
authors could not find any absorbance change that could be associated with the reduction of Aq in the AO- 
ps to nanosecond time domain. Several possibilities were suggested by the authors to account for the 
lack of such an absorbance change, some of them being (a) an Aq molecule has little or no absorbance in 
the visible spectral region; (b) electron is passed directly from P700* to A| bypassing Aq (i.e., there is no 
functional Aq); and (c) the rate constant for reoxidation of Aq' is greater than the rate constant for its 
formation. In case (c), the maximum transient concentration of Aq” would be very small at all times and 
the intermediate would be extremely difficult to detect. Previously, Klug, Giorgi, Crystal, Barber and 
Porter^^ had also found no evidence for chlorophyll acting as the primary electron acceptor Aq, citing a 
lack of buildup ofAo“(Chl") as a possible reason. 

This problem was followed up by Hastings, Kleinherenbrink, Lin, McHugh and Blankenship of 
Tempe^"^’^^. Combined studies of fluorescence and transient absorbance-change kinetics at i’nT’picosecond 
resolution were carried out, thus allowing direct observation of both energy- and electron-transfer pro- 
cesses. The authors used a photosystem Il-deleted mutant from the cyanobacterium Synechocystis sp. 
PCC 6803 that only contained active photosystem-I reaction centers and had a Chl/P700 ratio of -100. A 
membrane fragment prepared from this cyanobacterium would thus represent a photosystem-I particle 
that had not been exposed at any time to detergents. The particles to be examined were then placed in one 
of the following three redox states: 

1 . Open state P700 in neutral condition; sample in pH 8 Tris buffer containing ascorbate and PMS 
(state defined by “O” in the figures); 

2. Closed state: (sample composition as above, P700 oxidized by a pre-flash); schematically de- 
picted by in the figures; 

3. Reduced state (sample in glycine buffer at pH 11.5 and containing ascorbate and PMS; degassed 
and then dithionite added to 30 mM; background illumination applied to maintain all secondary 
acceptors reduced, including Aj reduced to the doubly reduced A]^ state); schematically de- 
picted by “0” in the figures 
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To avoid the possibility of rapid reoxidation of the reduced primary acceptor for some experiments, 
Hastings et used a level of high excitation energy, corresponding to 4-8 photons absorbed for 

each P700, v-y. less than one photon absorbed per P700 used by Holzwarth et in order to step up the 
rate ofenergy transfer to P700 and formation ofthe radical pair [P700''Ao“]. High-intensity, picosecond, 
590-nm, dye-laser pulses pumped by frequency-doubled Nd-YAG pulses (at 532 nm) and compressed to 
~150 fs were used for excitation. Part ofthe original 1062-nm pulse was focused in a sample ofDjO to 
generate a white continuum, which was further split into a monitoring and a reference beam. The moni- 
toring- and reference-signals were channeled through separate optical fibers and then dispersed so that 
the entire spectrum of each could be recorded by a dual-array multichannel analyzer. Transient absor- 
bance changes were recorded as a function of wavelength and various time delays. 

When the level of excitation was kept low (-0.25 photon/RC), the overall decay of electronic excita- 
tion in the antenna was characterized by a time constant of 24-28 ps, from measurements of absorbance 
as well antenna fluorescence^^. The 24-28-ps process was observed in absorbance changes for P700' 
formation only, none for the reduction ofthe primary acceptor. This result confirms the previous finding 
of Holzwarth et al?^ and also supports their suggestion that the rate constant for Aq reoxidation is 
greater than the rate constant for its formation, which would make the absorbance changes hard to detect. 

Hastings et also used relatively high excitation intensity (~ 4-8 photons per reaction center) to 
measure at several different delay times the difference spectra produced by flash excitation of open and 
closed PS-I reaction centers, as shown in Fig. 10 (A), panels (a) and (d). The 89-py difference spectra are 
magnified and shown in Fig. 10 (A, b). In closed reaction centers, a long-lived residual bleaching at 675 
nm could be observed and was attributed to antenna complexes unable to transfer excitation energy to 
the primary donor. The open-minus-closed [O-minus-®] difference, i.e., A[AA] at 89 ps, is shown in 
Fig. 10 (A, c). Shown in Fig. 10 (A, e) are A[AA]s at other delay times. 

Data collected between 1 and 89 ps in the 660-730 nm region were analyzed globally and fitted with 
multiple exponential decay constants. Results obtained from global analysis are presented by a refined 
wavelength dependence for each specific temporal component, a method called the “decay-associated 
difference spectra” (DADS), as shown in Fig. 10 (B, a). The data were fitted with two exponentially 
decaying components of lifetimes of4 and 21 ps plus a non-decaying component. The 4-ps DADS was 
assigned to the formation ofthe primary -radical-pair state [P700^-Ao“], following energy transfer to 
P700, as confirmed by separate transient-kinetic measurements made at several different wavelengths. 
The l\-ps DADS has a negative band at 686 nm and is relatively flat on both sides. TheA[AA]s at 10- 
and %9-ps in Fig. 10 (A, e) and (A, c), which represent the system before and after the l\-ps decay, 
indicate that the 21 -ps decay is consistent with the decay of a species absorbing maximally at 686 nm to 
the ground state, with simultaneous electron transfer to the secondary acceptor [P700^- 
Aq •Ai]->[P700'-Ao'A| ]. Since phylloquinone does not absorb in this wavelength region, the DADS 
with a l\-ps decay time may be interpreted as A A [Ao'-Aq]. 

The above assignment was confirmed by data collected with open [O] and reduced [0] reaction 
centers. As described previously, under reducing conditions, a slowly-decaying spectrum due to the 
primary radical pair [P700'^-Ao"] persists, with a lifetime of -35 ns. Thus, the difference between the 
nondecaying spectrum under reducing condition and that under open condition would yield AA[Aq - 
Ao] 0 .o- The AA[Ao -Ao] 0 .q and the 21 -ps DADS are presented in Fig. 10 (B, b) and it is clear that results 
from the two different approaches confirm the nature ofthe 21 -ps spectrum and that the reoxidation of 
the reduced primary electron acceptor is characterized by a 2\-ps time constant. Furthermore, both 
spectra resemble that reported previously by Fujita et al.'^ for the Chl-a anion radical formed in vitro. The 
millimolar extinction coefficient for AA[Ao'-Ao] was estimated to be 82 mM"'-cm’' at 686 nm, based on 
the P700 millimolar-extinction value of 64, substantially higher than that estimated previously by Shuvalov 
et al. and by Mathis et al. 
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Fig. 10. (A) Absorbance-difference spectra measured at various times following excitation of a PS ll-deleted mutant of Synechocystis 
sp. by -150-fe, 590-nm pulses. Spectra obtained from open [O] and closed [•] reaction centers are shown in panels (a) and (d), 
respectively: panel (b) shows the expanded open- and closed-difference spectra at 89 ps; panel (c) shows the open-minus-closed 
difference spectrum, i.e., A[AA], at 89 ps; panel (e) shows similar A[AA]s at delay times of 1 , 10, and 25 ps. (B), panel (a) shows 
“decay-associated difference spectra" (DADS) of the 4-, 21 -ps and the nondecaying component obtained by global analysis of 
data from the open and closed reaction centers shown in (A); (B, b) is a comparison of the 21-ps DADS with the nanosecond 
[reduced-minus-open] AAfAg'-AoJ; (B, c) is a comparison of the nondecaying DADS with the AA[P700*-P700] measured on the 
microsecond time scale. Data source: Hastings, Kleinherenbrink, Lin, McHugh and Blankenship (1 994) Observation of the reduc- 
tion and reoxidation of the primary electron acceptor in photosystem I. Biochemistry 33: 3196, 3197. 
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As secondary electron transfer occurred with a characteristic time of 21 ps and all antenna processes 
also occurred well within 90ps, the nondecaying DADS in Fig. 10 (B, a) is likely due to P700'^ only. This 
was also confirmed by comparing it with the AA[P700'^-P700] separately measured on a microsecond 
time scale and included in Fig. 10 (B, c), together with the nondecaying DADS. The excellent agreement 
between data obtained by two different approaches supports the assignment of the di9-ps DADS to P700^ 
only. 

A similar set of picosecond measurements was carried out recently by Mi, Lin and Blankenship^® in 
the 380-500 nm region with the Synechocystis complex under strongly reducing conditions. Some DADS 
spectra for the reduced complex are shown in Fig. 1 1 (A) at delay times 3 and 28 ps. The 3-ps decay 
phase is interpreted as primarily due to the excited-state redistribution in the antenna, while the 2%-ps 
decay phase is interpreted as due to the overall excited-state decay by electron transfer. The %9-ps, 
nondecaying phase is ascribed to the composite difference spectrum {AAfP700*-P700]+AA[Ao -Aq]}. 
By subtracting the separately determined difference spectrum due to P700 photooxidation, i.e., AA[P700*- 
P700], from the %9-ps non-decaying composite difference spectrum the net difference spectrum aA 
[Aq'-Aq] for Aq photoreduction is obtained, as shown in Fig. 11 (B). The AA[Ao"-Aq] difference spec- 
trum has two negative bands, a broad one at 420 nm and another one at 688 nm (see Fig. 10 (B, b); the 
ratio ofthese two amplitudes is 1: 1.6-1. 8. The same difference spectrum previously obtained by Mathis 
etal.^'’ with a spinach core complex and shown in Fig. 9 (A) is included in Fig. 1 1 (B) for comparison; the 
spinach spectrum in the blue region is less shifted to the blue, but its red region is 2 nm shifted to the blue 
(not shown). 



(A) (B) 




Fig. 11. (A) Decay-associated difference spectra (DADS) of the 3-, 28-ps and the non-decaying components of Synechocystis 
PS-I core complex in the 380-500 nm region under reducing conditions and at room temperature. (B) The absorbance-difference 
spectrum AA (Ao‘-Ao] (solid line); the same spectrum [see Fig. 9 (A), left panel] obtained from spinach is included for comparison. 
Figure source: Mi, Lin and Blankenship (1999) Picosecond transient absorption spectroscopy in the blue spectral region of 
photosystem I. Biochemistry 38: 15234. 15235. 

As described above, Kim et al.^^ made picosecond measurements with the cpQ-depleted andvitamin 
K3-reconstituted, P700-enriched particles and were able to obtain the net difference spectrum for re- 
duced Aq, i,e., AA [A()"-Ao], from the transient spectra obtained under different redox conditions. Re- 
cently, the Sagamiko-Okazaki groups^®’^' further examined the kinetics of the electron-transfer reac- 
tions, including the Ao“->A| step, in these PS-I particles. For this work, ether-extracted spinach PS-I 
particles, containing either 30 or 16 Chl/P700, were excited by l-ps, 605-nm dye-laser pulses. Excita- 
tion-light flux level was maintained at >0.8 photons absorbed per reaction center. A portion of the 
excitation beam was used to generate a white continuum to serve as the monitoring beam and the tran- 
sient spectra were recorded by a diode-array detector. 
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Kumazaki, Iwaki, Ikegami, Kandori, Yoshihara and Itoh^' measured absorbance changes in both OQ- 
depleted (-Q) and quinone-reconstituted (+Q) particles, each with either closed reaction centers (P700 
preoxidized, ) or open ones (P700 reduced, “O”) in each case, with the results shown in Fig. 12. 
Difference spectra measured at several delay times after the flash with closed, iJ)Q-depleted PS-I reac- 
tion centers [AA(-Q/®)] show a bleaching with maximum near 680 nm that arose from nonspecific 
excitation ofvarious chlorophyll forms [dotted spectra in Fig. 12 (A)] and had a halflife of ~800/rs. The 
corresponding difference spectra measured using OQ-depleted, PS-I particles with open reaction centers 
[AA(-Q/0)] show similar profiles but a greater bleaching [solid-line spectra in Fig. 12 (A)]. The differ- 
ence spectrum between the open- and closed-RC spectra, i.e., [AA(-Q/0)] minus [AA(-Q/#)] at 2-ps 
delay has a bleaching peak at 695 nm, as shown in Fig. 12 (B), and is ascribed to the depletion of the 
ground state of P700. At 11 -ps delay, an additional bleaching appeared at 685 nm which can be ascribed 
to AA[Ao"-Ao]. The simultaneous bleaching due to both P700* and Aq" at 17 ps delay indicates that the 
radical pair [P700‘’'Ao'] was formed, and that the A[AA] can be attributed entirely to AA{[P700'^- 
P700]+[Ao"-Ao]}. In the absence of the <I>Q, the radical pair lived beyond the maximum delay time of 
500-ps used in the experiments. 



(A) 



(A’) 









Fig. 12. Transient difference spectra induced by 1-ps flash in PS-I particles with a Chl/P700=30. Spectra for particles with the 
native phylloquinone extracted (-Q) are shown in panel (A) and those for particles reconstituted with menaquinone-4 (+Q) are 
shown in panel (A'). Spectra for particles with open (O) and closed (•) reaction centers are drawn as solid and dotted lines, 
respectively. For the quinone-depleted and quinone-reconstituted particles, difference spectra were recorded in panels (B) and 
(B') at three delay times, as indicated. Excitation intensity corresponds to 1 .5 photons absorbed per RC. Panels (C) and (C') show 
plots of A(aA)s at 695 and 685 nm vs. various delay times after the excitation flash, showing the rise and decay kinetics of P700 
and Ao, respectively. Figure source: Kumazaki, Iwaki, Ikegami, Kandori, Yoshihara and Itoh (1994) Rates of primary electron 
transfer reactions in the photosystem I reaction center reconstituted with different quinones as the secondary acceptor. J Phys 
Chem 98: 11221, 11222. 
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A similar set of absorbance changes were also measured with the PS-I particles that were reconstituted 
with menaquinone-4 (2-methyl-3 -prenyl- 1,4-naphthoquinone) and shown in Fig. 12 (A'). The differ- 
ence between the open- and closed-reaction-center spectra, i.e., [AA(+Q/0)]-[AA(+Q/*)] for the 
menaquinone-reconstituted particles are shown in Fig. 1 2 (B'). In the open reaction centers, AA at 695 
nm ascribed to P700* was already fully developed at 2 ps delay time. The 685-nm bleaching due to 
formation of A^ had developed by 17 ps but had disappeared 100 ps later, while that at 695 nm re- 
mained. The disappearance ofthe 685-nm bleaching is attributable to the reoxidation of Ag and transfer 
of its electron to the reconstituted menaquinone-4 molecule during the 17-100 pi period. 

Since absorbance changes at 695 and 685 nm can serve as selective monitors for P700 and Ag, res- 
pectively, their amplitudes in the computed A[AA] spectrum, such as those shown in Fig. 12 (B) and 
(B'), may be plotted vs. the corresponding delay times to show the rise and decay kinetics for the two 
components. The 695-nm plot in panel (C) shows that P700 bleached almost instantaneously in both 
<l>Q-dcp)eted and menaquinone-reconstituted particles. The rise phase is limited by the instrument reso- 
lution of 1 ps and it includes both P700* formation and its oxidation to P700'^. 

The kinetic plot at 685 nm for the OQ-depleted, open-RC particle shows a single-exponential bleach- 
ing with a time constant of 8±2p^ but thereafter remained unchanged for more than 100 ps. The single- 
exponential rise of the menaquinone-reconstituted particle has the same time constant of 8±2 ps, but 
then decays exponentially in 23±5 ps. The latter decay represents the oxidation of Ag and reduction of 
menaquinone at the A| site, i.e., [P700'-Ag -MQ]— >[P700*^'Ag- MQ"]. Since the decay time constant is 
about three times greater than that for the rise time, only a maximum of -60% ofthe full complement of 
reducible Ag“could be accumulated. The kinetics also confirmed that the reconstituted menaquinone is 
a fully functional secondary electron acceptor in photosystem I, as depleted RCs with added (t>Q or 
2-methyl- l,4-naphthoquinone(vitamin Kj) were similar in their behavior with nearly the same kinetic 
rate constants. As previously noted, reconstitution with vitamin Kg had been reported by Kim et al.^^ as 
a means for obtaining the difference spectrum of[Ag'‘-Ag] [see Fig. 9 (B) above]. Similarly, the differ- 
ence between the appropriate time-delayed AA spectra shown in Fig. 12 (B’), for instance, the l7-ps 
minus the lOO-pi’ delayed AA spectra, would also yield the difference spectrum for[Ag"-Ag]. From these 
experimental results, Kumazaki et formulated the following scheme for reactions involving the 
early electron carriers in photosystem I: 



hv I- 



Chl P700 Ao A,-FeSs ■ 



ChrP700A|)A,FeSs 
3ps| j 

ChlP700'A(,A,-FeSs 



r, =8±2 ps 



P700*Ao'-A,FeSs 



=23i5 ps 



P700*-A(|A,'FeSs 

t 

P700*A|,A,|FeSs]‘ 



where “FeSs” represents collectively the acceptors, FeS-X, FeS-A and FeS-B. Here the time constant for 
the formation of the [P700'^-Ag" A]] state is designated as X|, and that for the electron-transfer time from 
Ag'to A|(^Q), or the formation ofthe [P700*-Ag-A|~] state, as T 2 -Note that the Ag“ reoxidation time, 
is in good agreement with the value reported by Hastings et al. and that previously determined by 
Shuvalov et al.^^. Note also that partition of excitation energy between the antenna chlorophylls and 
P700 delays the overall charge-separation step. The intrinsic time constant for the [P700*-Ag-Ai]-> 
[P700" Ag A,J step was estimated to be 3 picoseconds^^. 




Chapter 32 The Primary Electron Acceptor Aq of Photosystem I 577 

For further reading 

R1 . P Mathis and AW Rutherford (1 987) The primary reactions of photosystems i and il of aigae and higher piants. 
In: J Amesz (ed) Photosynthesis, pp.63-96. Elsevier 

R2. JH Golbeck (1992) Structure and function of photosystem I. Annu Rev Piant Physioi Plant Mol Biol 43:193-324 
R3. R Malkin (1995) Photosystem I eiectron transfer reactions Components and kinetics. In: DR Ort and CF 
Yocum (eds) Oxygenic Photosynthesis: The Light Reactions, pp 313-332. Kluwer Acad PubI 
R4. K Brettel (1997) Eiectron transfer and arrangement of the redox cofactors in photosystem I. Biochim Biophys 
Acta 1318: 322-373 

R5. P Setif (1992) Energy transfer and trapping in photosystem I. In: J Barber (ed) The Photosystems: Structure, 
Function and Molecular Biology, pp 471-499. Elsevier 



References 

1. P Mathis, K Sauer and R Remy (1978) Rapidiy reversibie ftash-induced eiectron transfer in a P-700 chioro- 
phyii-protein compiex isoiated with SDS. FEBS Lett 88: 275-278 

2. K Sauer, P Mathis, S Acker and JA van Best (1979) Absorption changes of P-700 reversibie in miiiiseconds at 
tow temperature in Triton-soiubiiized photosystem I particies. Biochim Biophys Acta 545: 466-472 

3. VA Shuvalov, E Dolan and B Ke (1979) Spectrai and kinetic evidence for two early eiectron acceptors in 
photosystem I. Proc Nat Acad Sci, USA 76: 770-773 

4. I Fujita, MS Davis and J Fajer (1978) Anion radicals of pheophytin and chlorophyll a: Their role in the primary 
charge separations of plant photosynthesis. J Am Chem Soc 1 00: 6280-6282 

5. T Swarfhoff, P Gast, J Amesz and HP Buisman (1982) Photoaccumulation of reduced primary electron accep- 
tors of photosystem I of photosynthesis. FEBS Lett 146: 129-132 

6. I Ikegami and B Ke (1984) A 1 60-kilodalton photosystem-l reaction-center complex. Low temperature absorp- 
tion and EPR spectroscopy of the early electron acceptors. Biochim Biophys Acta 764: 70-79 

7. RW Mansfield and MCW Evans (1985) Optical difference spectrum of the electron acceptor in photosystem 
I. FEBS Lett 190: 237-241 

8. J Bonnerjea and MCW Evans (1982) Identification of multiple components in the intermediary electron carrier 
complex of photosystem I. FEBS Lett 190: 237-241 

9. P Gast, T Swarfhoff, FCR Ebskamp and AJ Hoff (1983) Evidence fora new early acceptor in photosystem I of 
plants. An ESR investigation of reaction center triplet yield and of reduced intermediary acceptors. Biochim 
Biophys Acta 722:163-175 

10. JL McCracken and K Sauer (1983) Orientation dependence of radical pair interactions in spinach chloroplasts. 
Biochim Biophys Acta 724: 83-93 

11. JM Fenton, MJ Pellin, Govindjee and KJ Kaufmann (1979) Primary photochemistry of the reaction center of 
photosystem I. FEBS Lett 100:1-4 

12. VA Shuvalov, B Ke and E Dolan (1979) Kinetic and spectral properties of the intermediary electron acceptor A^ 
in photosystem I. Subnanosecond spectroscopy. FEBS Lett 100: 5-8 

13. VA Shuvalov, AV Klevanik, AV Sharkov, PG Kryukov and B Ke (1979) Picosecond spectroscopy of photosys- 
tem I reaction centers. FEBS Lett 107: 313-316 

14. AM Nuijs, VA Shuvalov, HJ van Gorkom, JJ Plijter and LNM Duysens (1986) Picosecond absorbance differ- 
ence spectroscopy on the primary reactions and the antenna-excited states in photosystem I particles. Biochim 
Biophys Acta 850: 310-318 

15. VA Shuvalov, AM Nuijs, HJ van Gorkom, HWJ Smitand LNM Duysens (1986) Picosecond absorbance changes 
upon selective excitation of the primary electron donor P-700 in photosystem I. Biochim Biophys Acta 850: 319- 
323 




578 



16. MR Wasielewski, JM Fenton and Govindjee (1987) The rate of formation ofP700*A~ in photosystem I par- 
ticles from spinach as measured by picosecond transient absorption spectroscopy. Photosynthesis Res 12: 
181-190 

17. P Mathis, i ikegami and P S0tif (1988) Nanosecond flash studies of the absorption spectrum of the photosys- 
tem I primary acceptor Photosynthesis Res 16: 203-210 

1 8. i ikegami and S Katoh (1 975) Enrichment of photosystem I reaction-center chlorophyll from spinach chlorplasts. 
Biochim biophys Acta 376: 588-592 

19. D Kim, K Yoshihara and i ikegami (1989) Picosecond photochemistry of P700-enrlched and vitamin K^-de- 
pleted photosystem I partictes isolated from spinach. Piant Ceii Physioi 30: 679-684 

20. S Kumazaki, H Kandori, H Petek, K Yoshihara and i ikegami (1994) Primaryphotochemicai processes in P700- 
enriched photosystem I particles: Trap-limited excitation decay and primary charge separation. J Phys Chem 
98: 10335-10342 

21. S Kumazaki, M iwaki, i ikegami, H Kandori, K Yoshihara and S itoh (1994) Rates of primary electron transfer 
reactions in the photosystem I reaction center reconstituted with different quinones as the secondary acceptor. 
J Phys Chem 98: 11220-11225 

22. AR Hoizwarth, G Schatz, H Brock and E Bittermann (1993) Energy transfer and charge separation kinetics in 
photosystem I. Part 1. Picosecond transient absorption and fiuorescence study of cyanobacteria! photosystem 
I particles. Biophys J 64: 1813-1826 

23. DR Kiug, LB Giorgi, B Crystai, J Barber and G Porter (1989) Energy transfer to low energy chlorophyll species 
prior to trapping by P700 and subsequent etectron transfer. Photosynthesis Res 22: 277-284 

24. G Hastings, FAM Kieinherenbrink, S Lin, TJ McHugh and RE Biankenship (1994) Obsen/ation of the reduction 
and reoxidation of the primary electron acceptor in photosystem I. Biochemistry 33: 3193-3200 

25. G Hastings, FAM Kieinherenbrink, S Lin and RE Biankenship (1994) Time-resolved fluorescence and absorp- 
tion spectroscopy of photosystem I. Biochemistry 33: 3185-3192 

26. D Mi, S Lin and RE Biankenship (1999) Picosecond transient absorption spectroscopy in the btue spectrai 
region of photosystem I. Biochemistry 38: 15231-15237 




Chapter 33 



The Intermediate Electron Acceptor of Photosystem I 

Phylloquinone (Vitamin KJ 



Occurrence of Phylloquinone in Higher Plants, Algae and Cyanobacteria 580 

II. Spectroscopic Identification of a Quinone Acceptor in Photosystem 581 

A. Electron-Spin-Polarization Studies 581 

B. Optical Spectroscopic Studies at Cryogenic Temperatures 583 

0. Correlation between Steady-State Optical and EPR Measurements 586 

D. Charge Recombination between P700” and Ar in the CPI Complex (P700 Ao AiJ .588 

III. Measurement of Forward Electron Transfer from Ar to FeS-X 591 

A. By Optical Spectroscopy 591 

B. By T ransient EPR Spectroscopy 595 

IV. Phylloquinone Extraction, Reconstitution, and Replacement 597 

A. Phylloquinone Extraction and Reconstitution 597 

B. Effect of Phylloquinone Extraction on the Photochemical Activity of Succeeding Electron Carriers 599 

0. Types of Quinones that Can Replace Phylloquinone in Reconstitution 601 
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Figure 1 . Position of phylloquinone (vitamin K,) in the PS-1 reaction center. 
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Phylloquinone (OQ) , one of the vitamins, was discovered in higher plants nearly 60 years ago by Dam' 
bnt was recognized only a little over a decade ago as an electron carrier located between the primary 
acceptor Aq and the inter-polypeptide iron-sulfur center FeS-X in photosystem I. Its function has long been 
known for blood clotting and was thus designated as vitamin K] , where K comes from the word “Koagulation” 
in German or Danish. Phylloquinone consists of a naphthoquinone head with aphytyl tail, as shown in Fig. 
1. The PS-I reaction center contains two phylloquinone molecules per P700, only one of them is known to 
be photochemically active as an intermediary acceptor in electron transfer. The position of the photo- 
chemically active phylloquinone molecule (designated as “A’l in the electron-transfer chain) and its rela- 
tionship to the other acceptors and cofactors are illustrated in Fig. 1. 



I. Occurrence of Phylloquinone in Higher Plants, Algae, and Cyanobacteria 

Lichtenthaler^ found nearly forty years ago that phylloquinone was present at a much higher concentra- 
tion in green-plant tissues than in the etiolated plastids. Subsequently, Lichtenthaler and Park^ were able to 
establish that phylloquinone was present mainly in the photochemically active thylakoid. It is of interest to 
note that the presence of the phytyl chain in the phylloquinone molecule prompted Dam and Glavind"^ 
nearly 40 years ago to postulate that phylloquinone may be closely associated with the chlorophylls, which 
also have phytyl tails, in the photosynthetic apparatus. In subsequent studies by Lichtenthaler and cowork- 
ers, it was established that in the digitonin-fractionated, PS I-enriched particle from spinach^ and the SDS- 
fractionated “CPI” complex from tobacco leaves^, phylloquinone was enriched two- and threefold, respec- 
tively, relative to total chlorophyll, compared with the isolated thylakoids. In spinach PS-I particles, it was 
established that there are two phylloquinone molecules per P700^ . Indigitonin-fractionatedPS Il-enriched 
particles, on the other hand, the level ofphylloquinone was significantly lower, on a chlorophyll basis, than 
that in unfractionated chloroplasts. In the SDS-fractionated light-harvesting chlorophyll protein (LHCP), 
only a trace amount ofphylloquinone was found. 

In 1986, Schoeder and Lockau^ analyzed the phylloquinone content in Triton-fractionated PS-I particles 
from both Anabaena variabillis and spinach and also found a phylloquinone-to-P700 ratio of~2. More 
importantly, they established that phylloquinone was part of the high-molecular-weight protein subunit 
containing the primary donor, P700. This finding was consistent with the then prevalent notion derived 
from EPR and optical spectroscopic studies that a quinone-type molecule is a functional electron carrier in 
the acceptor chain of photosystem I (see below). A little earlier, Takahashi, Hirota and Katoh^ found also 
two phylloquinone molecules per P700 in a PS-I particle, but this time prepared from the cyanobacterium 
Synechococcus. However, they also reported finding some phylloquinone associated with the low-molecu- 
lar-weight polypeptides. 

Now that the stoichiometry oftwo phylloquinone molecules per P700 appeared to have been established, 
the question naturally arose as to how the two quinone molecules function in photosystem I. Do the two 
quinone molecules behave like and Qn in bacterial or photosystem-II reaction centers, namely, acting in 
series, or do they behave like some other cofactors which occur in pairs but only one of them participates 
in electron transfer, as is the case in the bacterial reaction center? This question was addressed by Malkin^ 
who examined the ability of organic solvents to selectively extract phylloquinone from a number of PS-I 
complexes from spinach, including the PS 1-200 and PS I- 100 particles, and a cyanobacterial PS-I com- 
plex. Upon total analysis, all materials examined showed a phylloquinone-to-P700 ratio near 2, in agree- 
ment with those found by others, as noted above. Upon treatment of lyophilized samples with hexane for 
one hour, the phylloquinone-to-P700 ratio was reduced, in PS 1-200 for instance, to 1. No additional 
phylloquinone was removed even by extended extraction. Malkin also used hexane containing 0.05% 
methanol and found that still only one phylloquinone could be removed, the second one remaining bound 
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in spite of a lengthy extraction period. This situation somewhat resembles that in the photosystem- II, 
quinone-containing reaction centers, where Qr is known to be more readily extracted than Q^, which 
requires stronger conditions for its removal. 

Malkin used two methods to assay the photochemical activity of both the intact PS T200 complex and 
the complex that had lost one phylloquinone. One method measured oxygen uptake by using methyl violo- 
gen as the acceptor photoreduced by photosystem I, supported by plastocyanin and reduced DCIP as the 
electron donors. The other method measured the amount of FeS-A photoreduced at 15 K by EPR spectros- 
copy. It turned out that both the extracted and unextracted samples gave nearly identical results, namely 
~500 p,M Oj/mg, Chl-/i, and the EPR spectra showed nearly identical amounts of EeS-A reduced on an 
equivalent chlorophyll basis. These results thus indicated that there is one nonfunctional phylloquinone 
that is easily removed by extraction with an organic solvent and one tightly bound, functional phyllo- 
quinone that is presumably present in a highly hydrophobic environment and which was subsequently 
identified as an intermediary electron carrier in the acceptor chain of photosystem I. 



II. Spectroscopic Identification of a Quinone Acceptor in Photosystem I 

II. A. Electron-Spin-Polarization Studies 

About a decade ago, Thurnauer and coworkers^^’ used time-resolved, electron paramagnetic reso- 
nance to monitor the characteristic electron spin polarization of the first stable, charge-separated state in 
photosystem I following photo-excitation of the reaction center. The Electron-spin-polarized electron para- 
magnetic resonance (ESP-EPR) spectra have been interpreted as due to the interacting radical pair. Com- 
pared with steady-state EPR, ESP-EPR can reveal not only structural but also information about the 
dynamics of primary reactions involved. Eor their ESP-EPR work, these authors prepared the CPI com- 
plex, i.e., [P700-Ao'A|] devoid of the iron-sulfur centers EeS-X, EeS-A and EeS-B by treating spinach 
chloroplasts, algae or cyanobacteria with the detergent lithium dodecyl sulfate (EDS). The corresponding 
particles prepared from the deuterated cyanobacterium nidulans were also used. With these CPI 

complexes, the first stable, charge-separated state was considered to be [P700*-Ao'Aj“] 

The first evidence that a quinone-type molecule acts as an intermediary electron carrier in the acceptor 
chain of photosystem I was provided by the experiments of Petersen, Stehlik, Cast and Thurnauer who 
compared the ESP-EPR signals from the well-known bacterial reaction-center complex prepared free of 
iron from Rhodobacter sphaeroides R-26 with those of a CPI particle. The charge-separated state of the 
bacterial system created by photoaccumulation in a sample containing ascorbate showed a signal which 
can be ascribed to the photooxidized donor, P870^, and reduced quinone acceptor, Q“, i.e.,[P870'^-Q“](see 
Pig. 2 (A), bottom spectrum). An ESP-EPR signal with a similar shape and overall width obtained with the 
CPI particle was thus assigned to the [P700*'Q“] state (see Pig. 2 (A), top spectrum). Since the only 
quinone present in CPI was a stoichiometric amount of phylloquinone, the above results provided good 
evidence that A| was in fact phylloquinone. 

In recognition of the work carried out by various workers on the identification of phylloquinone as a 
potential electron carrier in the PS-I reaction center, Thurnauer and coworkers extended the finding of a 
quinone-type molecule as an intermediary electron carrier in photosystem I to a more direct study of role 
played by the quinone molecule. Rustandi, Snyder, Peezel, Michalski, Norris, Thurnauer and Biggins*^ 
removed the endogenous phylloquinone from the CPI particle by organic -solvent extraction and then re- 
constituted the quinone-depleted sample with either protonated or deuterated phylloquinone and examined 
the ESP-EPR spectra, as shown in Pig. 2 (B). 
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For this work, lyophilized D144 particles were extracted with hexane containing 0.3% methanol to 
quantitatively remove all the phylloquinone. For reconstitution purposes, synthetic (protonated) vitamin 
K| and deuterated vitamin Kf, extracted from 99.6% deuterated Synechococcus lividus and purified hy 
HPLC, were used. On the basis of previous ESP-EPR work with photosynthetic bacterial reaction centers, 
athree-lobed emission/absorption/emission (E/A/E) pattern should be observed for the photoinduced charge- 
separated state of the reaction center at both room and cryogenic temperatures. For the unextracted PS-I 
particle, the ESP-EPR spectrum showed the usual E/A/E pattern [not shown, but similar to that of the 
reconstituted one in Fig. 2 (B), spectrum (b) or in Fig. 2 (C), spectrum (a)]. In the extracted sample, at 
approximately the same P700 concentration, the ESP-EPR signal was totally abolished [Fig. 2 (B), spec- 
trum (a)]. When the extracted sample was reconstituted with protonated vitamin K], the ESP-EPR spec- 
trum was restored with the same E/A/E pattern at the same g-values as in the control sample [Fig. 2 (B, 
b)]. These results clearly indicate that vitamin K| fulfilled a necessary function forthe PS-I reaction center 
to exhibit the characteristic ESP-EPR spectrum. Furthermore, as shown in Fig. 2 (B, c), the extracted 
sample reconstituted with deuterated vitamin K| exhibited an ESP-EPR spectrum with the expected line width 
narrowing, thus indicating thatvitamin K| was not only necessary forthe PS-I reaction center to exhibit 
the characteristic ESP-EPR spectrum, but also that vitamin Kj directly contributed to the ESP-EPR sig- 
nal. It was thus concluded that the ESP-EPR signal observed in CPI was attributable to the charge- 
separated state [P700''OQ“]. 




Fig. 2. (A) K-band ESP-EPR spectra of the CPI complex (top) and Rb sphaemides R26 reaction-center complex (bottom) in the charge- 
separated states [PTOO’ Apl and [PB70* Q‘], respectively; (B) X-band ESP-EPR spectra of spinach PS-1 particles extracted with a 
hexane-MeOH mixture (a), reconstituted with protonated (b) and deuterated (c) vitamin K,; (C) ESP-EPR spectra of spinach PS-I 
particle in glycine buffer at pH 1 0.8 and untreated (a), reduced with 50 mM dithionite and 0.5 mM methyl viologen and dark-incubated (b), 
and the reduced sample dialyzed overnight against glycine buffer and reconcentrated (c). Figure source: (A) Petersen, Stehlik, Gast and 
Thurnauer (1987) Comparison of the electron spin polarized spectrum found in plant photosystem I and in iron-depleted bacterial 
reaction centers with time-resolved K-band EPR\ evidence that the photosystem I acceptor A, is a quinone. Photosynthesis Res 14: 
22; (B) and (C) Snyder and Thurnauer (1 993) Electron spin polarization in photosynthetic reaction centers. In: J Delsenhofer and JR 
Norris (eds) The Photosynthetic Reaction Center, Vol II: 31 3, 31 5. 
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As described below, Bottin and Setif’^ previously found that A|, as expected for a quinone molecule, 
can accept two electrons and be reduced to hydroquinone under strong reducing conditions. In that case, 
for- ward electron transfer from Ao would be blocked. When the reducing agent is then removed, say, by 
dialysis, forward electron transfer through (5Q at Aj all the way to the iron-sulfur centers should be 
restored. Snyder, Rustandi, Biggins, Norris and Thurnauer*^ carried out such a double reduction with 
spinach PS-I particles using dithionite and methyl viologen as the reducing agents in a glycine buffer at pH 
10.8. The reduced sample (as well as the unreduced sample) was incubated in the dark for ~30 m before 
freezing. 

The low-temperature EPR spectra ofthe reduced sample prior to illumination revealed the presence of 
chemically reduced iron-sulfur centers, [FeS-A/B]", whereas the unreduced sample showed no such spec- 
tra. The control sample (unreduced) showed atypical ESP-EPR signal with a three-lobed E/A/E pattern 
attributable to the charge-separated state induced by modulated photo-excitation, as shown in Eig. 2 (C), 
spectrum (a). The sample reduced by dithionite and methyl viologen at pH 10.8 no longer showed any 
ESP-EPR signal [Pig. 2 (C), spectmm (b)], suggesting that theOQ molecule at the A| site underwent a full 
reduction to Upon dialysis ofthe reduced sample against glycine buffer, followed by concentrating 
the sample to the original optical density, an ESP- EPR signal comparable to the original signal intensity 
reappeared [Pig. 2 (C), spectrum (c)]. These results indicate that the PS-I acceptors became reoxidized in 
the dialyzed sample when the reducing agents were removed by dialysis. Considering all ofthe above 
results, vitamin K| or OQ can be unequivocally assigned to the acceptor at the A| site in photosystem I. 

II.B. Optical Spectroscopic Studies at Cryogenic Temperatures 

Another approach for identifying the PS-I intermediary electron acceptor was made by Setif, Mathis and 
Vanngard^"^ who treated digitonin-fractionated PS-I particles with either multiple light flashes (or with 
appropriate reducing agents) to convert the terminal iron-sulfur centers into the reduced state. In this work 
they observed flash-induced absorbance changes due to P700 photooxidation and its associated dark de- 
cay in PS-I particles which had been exposed only to ascorbate and DCIP before being frozen in the dark 
prior to the measurements. 

Pig. 3 (A) shows that the absorbance increase at 820 nm in the PS-1 particles at 10 K induced by a series 
of individual flashes {20-ns, 600 nm) was followed by a decay phase after each flash. Rapid rise ofthe 
absorbance-change (AA) signal induced by the first flash was followed by a decay, the major portion of 
which (80-90%) had a/./, ofl20 ps, whiletheremainder(10-20%)persisted beyond 1 ms [Pig. 3 (A), left]. 
At 703 nm, a signal with a similar decay profile was observed, indicating that the P700 reaction was in fact 
being monitored at 820 nm. With each succeeding flash, the contribution ofthe slowly decaying portion 
was significantly diminished but the contribution of the 120-/is component remaining about the same. 
Note that by about the 22nd flash, or after the sample had been illuminated continuously for some period 
of time, almost the entire signal decayed with aty, of 120 /.is [Pig. 3 (A), center]. The signal in Pig. 3 (A), 
right shows the difference between the signals induced by the first flash and the signal induced by a flash 
after continuous pre-illumination; it includes both the nearly irreversible component (dashed line) and the 
l20-/is'decay component. 

These results were interpreted as evidence for the irreversible reduction of a portion of the terminal 
electron acceptors, PeS-A, in attain of flashes at 10 K: 



(P700 Ao-A, FeS-X [FeS-A/B]} +hv-> {P700"-Ao A,-FeS-X [FcS-A/B]} 

-► {P700*-Ao-A,-FeS-X-[FeS-A/B]'} 
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The 120-/is decaying portion represents recombination between P700^ and an earlier electron carrier 
that was reduced also by electrons coming from excited P700, the recombination apparently occurring 
even at 10 K. It was suggested that this earlier electron carrier was vitamin K|,or <hQ, located at the At 
site. 

The interpretation given for the irreversible portion was confirmed by Setif et by separate EPR 
measurements at 20 K on PS-I particles treated in a similar fashion to those used in the optical spectro- 
scopic measurements. Fig. 3 (B) left panel shows the EPR spectra of a PS-I sample, containing ascorbate 
and DCIP and frozen in the dark, after application ofa given number offlashes. The irreversible photore- 
duction ofFeS-A after the first flash was shown by an EPR spectrum with characteristic lines at g=1.86 
and 1.94. With successive flashes, lines due to reduced FeS-A grew, approaching a constant value by the 





(B) 




Fig. 3. (A) Absorbance changes at 820 nm induced by a sequence of 20-ns, 600-nm laser flashes in PS-I particles at 10 K; (B) left: EPR 
spectra of reduced iron-sulfur centers induced by increasing numbers offlashes; (B) right: values of A[AA](820 nm) after the nth flash 
and the g=1 .94 and g=1 ,896 EPR signals plotted against the number of flashes applied. The final segment beyond the maximum 
number of flashes refers to the corresponding values after continuous iilumination. Figure source: S6tif, Mathis and Vdnngdrd (1984) 
Photosystem I photochemistry at low temperatures. Heterogeneity in pathways for electron transfer to the secondary acceptors and 
for recombination processes. Biochim Biophys Acta 767: 407, 408. 
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48th, and last, flash. The last spectrum was for the sample after illumination by continuous light and 
presumably represents the maximum amount of irreversibly reduced FeS-A. Fig. 3 (B) right panel shows 
a correlation between the amplitude of the reversible AA at 820 nm and the irreversible EPR signals at 
g=l .94 and 1.86 plotted V5. flash numbers, confirming that number of spins for the EPR signals ofPVOO^ 
and FeS-A” induced at low temperature are the same. Note that, however, when a large number of flashes 
have been applied, a small signal attributable to FeS-B“(at g=l .88) may also be seen. 

The spectral data presented to this point are consistent with the presence of an intermediary electron 
acceptor, most probably vitamin K|, i.e. phylloquinone, located prior to the three iron-sulfur centers, but 
the chemical nature ofthe acceptor was not verified directly by optical spectroscopy. Consequently, Brettel, 
Setif and Mathis'^ extended the measurements to the ultraviolet and visible region in an attempt to demon- 
strate that the absorbance change was indeed due to phylloquinone. 

For their measurements, spinach D144 particles containing one P700/126 Chi molecules were used. To 
avoid the background absorption by dithionite in the UV region, sodium borohydride was used as the 
reductant rather than dithionite. The same 20-ns, 600-nm laser-flash source was used for excitation. The 
reduced sample was prepared by illuminating the sample containing NaBH^ with laser flashes for 1 minute 
(at 3 Hz), kept in the dark for 3 minutes more and then frozen. A sample with P700 already oxidized was 
prepared from the PS-I particles by the addition offerricyanide and methyl viologen and then exposed to 
a train of flashes for 10 seconds (at 3 Hz) before freezing in room light. 

When the pre-illuminated, reduced sample was excited with flashes at 10 K, the decay ofthe induced AA 
in the 240-520 nm region was found to consist of a major phase with ty^ of~l 50 /iS'. This 1 50 /JS decay 
component, presumably now observable on account ofthe better signal-to-noise ratio, was considered to 
arise from the same reaction as the \2Q-fJS phase observed earlier for the P700 change at 820 nm. The 
overall decay, however, exhibited a 1 -ms decay phase attributed to the triplet states ofboth antenna Chi a 
and P700, a 20-/js carotenoid triplet signal with a maximum near 520 nm, and even a decay component 
due to recombination between P700‘^ and FcS-X'. The amplitude ofthe changes due to the 1 50-/js phase 
were plotted in the upper panel ofFig. 4 as small circles and connected with a solid line. 

As the l50-/tfdecay phase consists of changes due to charge recombination, [P700'^-A,“]— >[P700-A|J, 
the combined absorbance change would be equal to { AA[P700^-P700]+AA[A “-AJ }. Thus it should be 
possible to isolate the absorbance change due only to the photoreduction ofAj if the difference spectrum 
due to P700 photooxidation were subtracted from this combined change. Brettel et al. used the room- 
temperature difference spectrum of P700 photooxidation measured earlier by Ke'^ for this purpose [refer 
to Fig. 4 in chapter 30 for the difference spectrum]. The 240-520 nm portion ofthe [P700Ap700] spec- 
trum was replotted in Fig. 4 as the dotted trace. The Ae scale was calculated from the 1 50-/Jx absorbance 
change measured at 820 nm which is assumed to be due to a stoichiometric amount of P700 with a 
millimolar extinction coefficient of6 mM"'- cm“' as reported in reference (16). 

The spectra for P700 and for the 150-/iv component both show a major bleaching around 430 nm. 
Although the difference in the amplitudes cannot be precisely accounted for, the difference spectrum is 
apparently consistent with the absorbance changes expected for the reduction of vitamin K] rather than 
that of an iron-sulfur center, such as FeS-X. In certain spectral regions, e.g., around 485 nm, in the 340 to 
410 nm range, around -295 and perhaps also near 245 nm, the difference between the 1 50-fJS and the P700 
spectra is positive, whereas it is negative around 455, 325 and 270 nm. All these differences correspond 
very well to the difference spectrum associated with phylloquinone reduction to its semiquinone anion in 
vitro, i.e., AA[OQ -OQ], as shown in Fig. 4, lower panel. Thus the new spectral characteristics derived 
from the 150-/zrphase provided additional evidence to support the presence of phylloquinone as an inter- 
mediary electron acceptor of photosystem I. 
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Fig. 4. Top: Spectrum of the 150-//S decay phase induced in pre-reduced, pre-iliuminated PS-I (D144) particles by 20-ns, 600-nm laser 
Hashes (data points drawn as small circles and connected by solid line); the dotted difference spectrum represents changes due to 
P700 photooxidation, />., aA(P 700*-P700J, taken from reference (16); bottom: difference spectrum due to reduction of vitamin Ki to its 
semiquinone anion in methanol. Figure source: Brettel, S6tif and Mathis (1 986) Flash-induced absorption changes in photosystem ! at 
low temperature: evidence that the electron acceptor A, is vitamin K,. FEBS Lett 203: 223; the original in vitro spectrum for the 
reduction of vitamin K, to the semiquinone was from EJ Land, replotted in Romijn and Amesz (1977) Purification and photochemical 
fmperties of reaction centers of Chromatium vinosum. Evidence for the photoreduction of a naphthaquinone. Biochim BiophysActa 



II.C. Correlation between Steady-State Optical Spectroscopic and EPR Measurements 

The initial spectroscopic measurements of Setif et al. described above mainly focused on the absor- 
bance change ofP700 in the far-red region. Even though the transient P700 absorbance changes together 
with EPR measurements provided good but indirect evidence for the presence of an intermediary electron 
acceptor A| located prior to the three iron-sulfur centers, no continuous spectrum had yet been obtained to 
verify the quinone nature of A). We now present the results of Mansfield and Evans'’ who correlated 
steady-state, optical spectroscopic and EPR measurements to gain direct identification of the intermediary 
electron acceptor as phylloquinone. These authors used an enriched PS-I particle (P700/Chl=l/32) frac- 
tionated from pea chloroplasts by Triton. The absorption spectra of the PS-I particle in the presence of 
dithionite before and after a 46-m illumination at 205 K were recorded between 240 and 325 nm and are 
shown superimposed as spectrum (a) in Pig. 5 (A). Note that at the absorbance scale used the two spectra 
appear nearly the same and that Triton and dithionite contribute significantly to absorption around 278 
and 312 nm, respectively. 

In Pig. 5 (A, b), the difference spectrum labeled “dark-minus-dark” was obtained from two sets of five 
scans each ofthe dark PS-I sample containing dithionite, then each set was averaged and finally subtracted 
from each other. The dark-minus-dark spectrum appears reasonably flat, indicating that no significant 
absorbance changes occurred during the measurements. The PS-I sample was then pre-illuminated for 2 
minutes at room temperature and then kept in the dark for 10 seconds before cooling to 205 K, thus 
maintaining PeS-A/PeS-B and PeS-X in the reduced state before any measurements were made. In Pig. 5 
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(A, b), four difference spectra are shown superimposed, each derived from a pre-illuminated PS-I sample 
containing dithionite after illumination for the time indicated minus the initial dark spectrum. The differ- 
ence spectra show that after 1 -minute illumination an absorbance decrease centered at 250 nm and an 
increase at 287 nm had developed. With increasing illumination times of up to 30 minutes, the changes at 
both wavelengths were seen to progress at a similar rate, indicating that they probably belonged to the 
same component. The difference spectra also showed an isosbestic point around 270 nm. These difference 
spectra strongly resemble that for the one-electron reduction of a quinone molecule, in particular to the 
protonated semiquinone form. 

The assignment of the light induced difference spectra to the redox change of a quinone molecule was 
further supported by EPR measurements carried out under parallel conditions, with the results shown in 
Fig. 5 (B). The spectra were recorded after specified times of illumination at 205 K of each pre-illuminated 
sample and recorded at the same temperature. Each spectrum consists ofthree superimposed scans over a 
10-minute period, during which the signal apparently showed no decay. With increasing illumination time, 
the slightly asymmetric EPR signal, withg=2.0053 and a 10.96-G halfwidth, increased in amplitude. The 
EPR and optical spectroscopic results taken together are consistent with the notion that a quinone mol- 
ecule was reduced by steady-state illumination and remained trapped in the reduced state. When the sample 
was thawed at the end of illumination and refrozen in the dark, the g=2.0053 signal disappeared com- 
pletely [see bottom spectrum in Fig. 4 (B)], presumably as aresultofreoxidation ofthe reduced acceptor. 
When the amplitudes ofthe EPR and optical difference spectra were expressed as relative percentages and 
plotted against time of illumination, the plots showed an identical rate of appearance of both signals, again 
indicating that the same component was responsible for both types of signals. 
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Fig. 5. (A, a) Superimposed absorption spectra of pea PS-1 particles before and after 46-minute illumination at 205 K; (A, b) "dark- 
minus-dark” difference spectrum and difference spectra recorded after indicated iilumination periods minus the initial dark spectrum; 
(B) Quinone-type EPR spectra formed after illumination for the same time periods as those used for generating the optical difference 
spectra. From Mansfield and Evans (1986) UV optical difference spectrum with the reduction of electron acceptor A, in photosystem I 
of higher plants. FEBS Lett 203: 227. 
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II.D. Charge Recombination between P700* and Af in the CPI Complex[P700 Ao A^] 

Up to now, all the information on the intermediary electron acceptor A | has been derived from studies of 
the recombination of reduced A U with photooxidized P700\ In order to achieve this, ithas been necessary 
to pre -reduce the iron-sulfur centers in order to block forward electron transfer to acceptors beyond A.p. 
Under these conditions, it is not known whether the rate of charge recombination might be influenced by 
the negative charge on the nearby iron-sulfur centers. Such an influence has been found to prevail, as 
described earlier in Chapter 31, for the rate of recombination between P700’ and FeS-X^in the presence of 
the reduced iron-sulfur protein [FeS-A/B]" and in the absence of [FeS-A/B] altogether. Of interest here is 
that in addition to FeS-A/B, FeS-X may also be removed from the PS-I reaction-center complex. With 
such a core complex, Warren, Golbeck and Warden’^ found that the recombination between P700'^ and Af 
after photo-excitation proceeded with a recombination U, of~10 /js, as indicated by the P700 change at 
820 nm. Further studies on the spectral and kinetic characteristics of A i was subsequently extended by 
Brettel and Golbeck*^ and are summarized here. 

The [P700'Ao'A|] core complex was prepared from the cyanobacterium Synechococcus sp. PCC 6301 
by first progressively removing [FeS-A/FeS-B] by urea treatment until the ~30-ms time at room tempera- 
ture representing recombination between P700^and [FeS-A/B]' (P430 ) following photoexcitation was 
replaced by a ~\-ms rate for P700VFeS-X" recombination. The removal ofFeS-X was achieved by treat- 
ment with urea and ferricyanide (see Chapter 31) and was signaled by the changeover ofthe decay time 
from ~1 ms to~IO /iS" , indicatingrecombinationbetweenP700' andA]". Absorbance-change measure- 
ments were made both at 819 nm where changes primarily due to P700 can be monitored and in the 
ultraviolet/visible region that allows changes of both P700 and phylloquinone (A|) to be monitored. Each 
measurement was made at ambient temperature (298 K) and at 10 K, using 600 nm, S-ns laser flashes. 

Flash-induced absorbance changes at 819 nm are shown in Fig. 6 (A). Since the decay is multiphasic, 
the absorbance changes are presented on different time scales as indicated for each signal. The number of 
kinetic phases, as well as the 6/, value and amplitude of each kinetic phase, were determined by a computer 
curve-fitting program. As seen in panel (A), the AA signal shown at top has one very fast phase that decays 
in a few nanoseconds and is most likely due to antenna chlorophyll molecules. 

Neglecting the very first component, four additional exponential decay components were attributed to 
the signal at 819 nm: 15% ofthe initial amplitude in the top trace was attributed to a 56-n^ decaying 
component that reflects charge recombination between P700‘^ and Aq” in reaction centers that presumably 
had their A| removed inadvertently during the preparation process. The second trace shows that the major 
portion ofthe absorbance change decays in the sub-millisecond range, with 52.9% having a of 8. 1 /js 
and 23.6% with a of 100.8 /is. Out of the remaining AAat 819 nm: 5.9% had/./, of 170.4 ms and 3.4% 
remained unchanged indefinitely. 

Flash-induced absorbance changes were also examined at 380 nm where changes due to P700 are 
negligible. Analysis ofAA on the microsecond time scale yielded two majorkinetic phases with of 10.7 
/JS (68.5%) and 1 35 //y (24. 1 %), plus a minor phase with ty> I ms. As shown in panel (B) bottom, the core 
complex, in the presence of ferricyanide so that P700 is chemically oxidized, gave practically no signal. 
This is good evidence that the signals seen with the core complex in the absence of ferricyanide originated 
from reaction-center photochemistry involving P700. Comparable flash-induced absorbance changes in 
the far-red and UV/visible regions examined at 10 K displayed essentially two major decay phases with /,/, 
values slightly longer than the two major components at 298 K, namely, ~15 and ~ 1 50 /js, with an ampli- 
tude ratio exactly the same as at 298 K. 
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In panel (C) are plotted the amplitudes of the 10- and 1 00-//r phases measured at 298 K between 340 and 
490 nm. The solid dots and solid triangles represent values measured forthe 1 0-/iS'phase using xenon and 
tungsten lamps, respectively, for monitoring light. The AA values in the presence of ferricyanide were 
subtracted from AA values at all wavelengths, and normalized to AA= 1 for the 1 0-/zs phase at 380 nm. 

The P700^P7 00'^ reaction is most likely responsible for most ofthe large absorbance decrease between 
410 and 440 nm, but as P700->P700'*‘ contributes little to the 340-380 nm region^^’ the observed in- 
crease in AA in this region must be produced for the most part by the reaction partner of P700* in the 1 0- 
/iy recombination phase. An absorbance increase in this spectral region is consistent with that for a phyl- 
loquinone molecule undergoing a one-electron reduction. The data points forthe 1 0-//y phase coincide with 
two previously measured difference spectra: one, shown as a dotted line, for spinach PS-I particles^'* and 
the other, shown as a dashed line, for Synechococcus sp.^^ particles, each spectrum 5 ns into the forward 
electron transfer at room temperature. Note that the data points also agree well with the spectram ofthe 
150 jus recombination phase ofthe [P700^'A|“] pair at 10 shown in Fig. 4 above. A slight distortion 
ofthe data points near 450 nm may have been caused by a superposition of extraneous transients arising 
from triplet states of Chi, P700 or carotenoid. 

A plot of data points from the 100-/1? decay phase has the same spectral shape as those ofthe 10-/is 
phase but with a lower amplitude: an absorbance increase between 340 and 400 nm and an absorbance 
decrease between 410 and 440 nm. By the same reasoning used for the 1 0-/is phase, the 1 00-/iS' phase may 
also be considered to originate from charge recombination in the [P700*-<1)Q“] pair. 

The room-temperature spectro-kinetic results obtained with the PS-I core complex devoid of iron-sulfur 
centers indicate that recombination between P700'^ and A~ follow predominantly two pathways. The 
similar plots obtained from changes in the 10 -/ 1 ? and 1 00 -/ 1 ? phases confirm that the same chemical 
species is responsible for the change and that the plots agree with the formation of the [P700' -A|“] state 
during forward electron transfer in photosystem I. Interestingly, the decay h/, values at 10 Kis only slightly 
longer than those at 298 K and may be nearly temperature independent at sufficiently low temperatures. 
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Fig. 6. Laser flash-induced absorbance changes (AA) observed in a core complex at 819 nm (A) and 380 nm (B) at 298 K; AA at 819 nm 
presented on three time scales with parameters derived by computer curve fitting; aA at 380 nm without and with ferricyanide; (C) 
absorbance difference spectra in the UV/vis region constructed from the 1 0-^s- and 1 00-/ys decay phases. Figure source; Brettel and 
Golbeck (1995) Spectral and kinetic characterization of electron acceptor A, in a photosystem I core devoid of iron-sulfur centers Fx, 
Fb andF/^. Photosynthesis Res 45: 185, 187. 
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More recently, Brettel and Vos^^ and Mi, Lin and Blankenship^^ studied forward electron transfer to A, 
in PS-I complex on the picosecond scale in the near-UV and blue regions. Core complexes were prepared 
from extracts of Synechocyslis sp. PCC 6803 cells^^ or from its PS-II deleted mutant cells^^by treating 
with the detergent «-dodecyl-P-maltoside. Brettel and Vos used 30-fs pump pulses for excitation and re- 
corded the earliest spectrum at 3 ps which showed a bleaching with a maximum at 439 nm. The decay- 
associated difference spectra (DADS) [cf. Chapter 32, Section II.D.] could be fitted with two decaying 
components of lifetimes of 1-ps and 28-ps, respectively (not shown). The 1-ps component was attributed 
to spectral equilibration and formation of the [P700*‘-Ao"] state. Transient changes of this state can be 
monitored at 432 nm as shown in Fig. 7 (A), where the decay of /■/,= 28 ps would partly represent the 
oxidation of Aq", z.e., Ao~— >Ao. Brettel andVos succeeded in resolvingthe reductionkineticsbymeasuring 
the absorbance changes in the 380-390 nm region on a picosecond scale. As seen in Fig. 7 (B), the 
transient averaged between 380 and 390 nm indeed yielded a positive absorbance change with a r« 30 ps. 
The increase ofthe 380-390 nm transient above the zero line with tw 30 was therefore attributed by the 
authors to the reduction of A|, i.e., A|->A| . 




Time 



Fig. 7. Picosecond kinetics of flash-induced absorbance changes at 432 and 380-390 nm in PS-1 core complex [PZOOAoA,] isolated 
from Synechocystis sp. PCC 6803. Figure source: Brettel and Vos (1 998) Spectroscopic resolution of the picosecond reduction 
kinetics of the secondary electron acceptor in photosystem I. FEBS Lett 447: 316. 

Mi, Lin and Blankenship^^ also examined electron transfer among the two initial electron acceptors in a 
core complex isolated from aSynechocyslis PS Il-deleted mutant, maintained under a neutral redox condi- 
tions in the presence of ascorbate and 10 pM PMS. After excitation with -150 -Z^, 590-nm pulses at room 
temperature, decay-associated difference spectra (DADS) [cf. Chapter 32, Section H.D.] determined by 
global analysis of kinetic data in the blue region yielded two transient components (3-ps and 2S-ps phases) 
and a non-decaying component, as shown in Fig. 8 (A). The 3-^5' component was interpreted as primarily 
due to, similar to thatjust described above, antenna excited-state redistribution and the formation ofthe 
[P700^'Ao1 state. Similarly, the 28-/75 decay phase was interpreted as due to electron transfer from Aq" to 
Ai, i.e., Ao“+Ai->Ao+A]". The non-decaying component was attributed to AA[P700"-P700] +AA[Ao"- 
A]]. The non-decaying spectrum has a negative band at 430 nm, a shoulder at 4 14 nm and a small positive 
band around 470 nm. 

The difference spectrum due to A) reduction, i.e., AA[Ao'-A|], was successfully constructed on the 
picosecond time scale by Mi et al?^. As shown in Fig. 8 (B), the picosecond AA[Ao'-Ai] isobtained by 
subtracting from the composite difference spectrum AA{[P700‘^-P700]+[Ao'-A,]} the difference spectrum 
due to P700 photooxidation, /.e., AA[P700^+P700]. All three difference spectra, the composite spectrum. 
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Fig. 8. (A) Decay-associated difference spectra (DADS) for the 3.8- and 28-ps and the non-decaying components measured with the 
core complex prepared from Synechocystis PS ll-deleted mutant under neutral redox conditions and room temperature in the blue 
region. (B) Absorbance difference spectrum of AA[Ao~-A, J obtained on the picosecond time scale by subtracting AAfP700^+P700] from 
AA{(P700*-P700 ]+[Ao--A,)}. Figure source: Mi, Lin and Blankenship (1999) Picosecond transient absorption spectroscopy in the blue 
spectral region of photosystem I. Biochemistry 38; 1 5233, 1 5234, 

that of P700 alone (AA[P700^+P700]) and the net AA[Ao"-A|] are shown in Fig. 8 (B). The difference 
spectrum of [Ao"-Ai] has a positive band centered at 435 nm and a smaller negative band centered around 
400 nm. It is worth noting that although the results of each of the two groups are self-consistent, there is 
some variance in the spectrum shape, among others, in the 380-390 nm region [see Fig. 8 (B)] where the 
reduction kinetics of A]was measured is shown in Fig. 7 (B). Mi, Lin and Blankenship^^ pointed out these 
differences as well as that between their difference spectrum in Fig. 8 (B) and the decay phase reported by 
Brettel et al. on the microsecond time scale, as shown in Fig. 4 above. These differences remain to be 
reconciled. 



III. Forward Electron Transfer from FeS-X 

Thus far, we have characterized the intermediary electron acceptor A^ by pre-reducing the iron-sulfur 
centers or by using the [P700-Ao-A|] core complex so that forward electron transfer is blocked at 
Under these circumstances, Aj can only recombine with P700^, which allowed useful information to be 
derived that led to the identification of A, as a phylloquinone. On the other hand, for intact PS-I reaction 
centers under physiological conditions, the electron on P700* is very rapidly transferred through the elec- 
tron-carrier chain, {P700->Ao->A,->FeS-X->[FeS-A/B]}, including, in particular, the step from to 
the iron-sulfur center FeS-X. This latter reaction was investigated independently and reported almost 
simultaneously in 1988 by Bretter^ and by Mathis and Setir"^ using transient optical spectroscopy. 

III. A. By Transient Optical Spectroscopy 

For their kinetic studies, Mathis and Setif^"* used enriched PS-I particles with Chl/P700=65^* 110, 

both prepared from spinach chloroplasts. Samples containing the particles plus ascorbate and DCIP were 
usually cooled to 6°C for the measurements. A 30-ps flash at 532 nm was used for excitation and 370 nm 
was chosen for monitoring AA as any possible absorbance changes that would be expected to be due 
primarily to A^, i.e., OQ. As seen in Fig. 9 (A), the 370-nm absorbance rose rapidly upon flash excitation 
and decayed in two phases in the dark, a fast phase with of 1 5±5 ns and a much slower phase. The 370- 
nm AA was completely abolished when the sample had been treated with ferricyanide to chemically oxi- 
dize P700. Flash-induced absorbance changes at 440 and 820 nm, both associated with P700 photooxida- 
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tion, showed no decay in the nanosecond range. When dithionite was added to the sample to chemically 
reduce FeS-A and FeS-B, the 370-nm AA was practically unaffected [see Fig. 9 (B)]. The modified decay 
rate at 820 nm in the sample containing dithionite indicates that P700" re-reduction no longer involves the 
reduced acceptor [FeS- A/B]". 

These results may be interpreted with reference to the sequence of electron acceptors in photosystem I: 
[P700-Ao-A|-FeS-X-[FeS-A/B] }. The elimination ofthe 370-nm signal in the presence of ferricyanide 
when P700 is chemically oxidized indicates that the reaction monitored at that wavelength originated from 
photosystem I. In the presence of dithionite, both FeS-A and FeS-B were chemically reduced, yet the decay 
kinetics at 370 nm was not noticeably affected and thus the 370-nm change did not involve the two termi- 
nal iron-sulfur centers. The very slow decay kinetics at 820 nm measured in PS-I particles under mildly 
reducing condition (Asc-i-DCIP) indicate that it did not involve recombination between P700^ and Ao~, 
which is known to occur in less than a nanosecond. From the electron-carrier sequence, one may narrow 
down the possible electron-transfer reactions assignable to the IS-wi' component to either Aq — >A| or 
A I ->FeS-X. The Ao~->A| reaction may be excluded, however, since it has been known to take less than a 
nanosecond (see Chapter 32). The authors thus proposed that the 1 S-wi' phase represents the reoxidation of 
A] by FeS-X. 

In the meantime, Brettel^', using intact PS-I particles prepared from the thermophilic cyanobacterium 
Synechococcus sp., reported a very similar study on forward electron transfer from reduced A)~- Laser 
flashes of 2>-ns duration at 532 nm were used to excite samples at room temperature, producing the absor- 
bance changes at 387, 430 and 455 nm shown in Fig. 10 (A). The risetime of the 387- and 430-nm changes 
were limited by the instrument response time of 5 ns. For all wavelengths examined, the signal was elimi- 
nated when ferricyanide (FeCy) was present, indicating that all absorbance changes originated from pho- 
tosystem I. Based on results shown earlier in Section II.B. and Fig. 4, and assuming the 387-nm change is 
due tophylloquinone at the A | site, the 200-ns decay ofthe AA signal at 387 nm corresponds to the elec- 
tron transfer from A|“ to FeS-X. The flash-induced signal at 430 nm originated largely from P700 photo- 
oxidation. Interestingly, the rapid absorbance decrease at this wavelength was followed, however, by a 
small, slower absorbance decrease also with a /./,of 200 ns. At 45 5 nm, an absorbance increase also had a 
ty, of 200 ns. As shown below, when the amplitudes of the 200-ns decaying phases are plotted as a function 
ofwavelength, the profile suggested a superposition of changes due to OQ reoxidation and reduction of an 
iron-sulfur center. 




Fig. 9. (A) Absorbance changes produced by enriched "PS l-P" particles prepared from spinach and under mildly reducing condition and 
excited with 30-ps, 532-nm flashes (note that sample concentrations and number of flashes used for averaging the signals were not the 
same); (B) absorbance changes in the PS 1-1 10 particles containing dithionite. Figure source: Mathis and S6tif (1988) Kinetic studies on 
the function ofA\ in the photosystem I reaction center. FEBS Lett 237: 66, 67. 
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From flash-induced AA signals such as those shown in Fig. 1 0 (A) over the wavelength region from 330 
to 490 nm, Brettel^’ plotted the two difference spectra, shown in Fig. 10 (B), one from signal amplitudes 
obtained at the beginning of the 200-ns reaction, i.e., at 5 ns (triangles) and at the end, i.e., at 1.6 ps 
(circles) after excitation, in Fig. 10 (B). As expected, the two spectra resemble the difference spectrum due 
to P700 photooxidation, i. e., AA[P700'-P700], as both consist ofP700 changes in addition to changes due 
to photoreduction of an electron acceptor at t=5 ns. Indeed, the 5-ns difference spectrum is very similar to 
that shown in the inset for recombination between P700'^ and Af at 10 K (taken from Fig. 4 above), except 
for minor differences which could be accounted for by the temperature difference. Thus, the difference 
spectrum 5-ns after excitation can be considered as due to the formation ofthe [P700'^'A|“] state. At the 
end of the 200-ns reaction, i.e., sXt=\ .6 fjs, comparison ofthe two difference spectra showed a bleaching 
between 320 and 500 nm that may be attributed to the reoxidation ofOQ^and reduction of an iron- sulfur 
center. Thus data in Fig. 10 taken together appears consistent with a forward electron transfer from A,~ to 
FeS-Xwith of 200 ns. 

Setifand Brettel^^ have recently made an extensive re-examination ofthe discrepancy between the for- 
ward electron-transfer time {(>/,) of 15 ns in spinach chloroplasts reported by Mathis and Setif^"^ and the 
200-ns time reported by Brettel^* for the cyanobacterial PS-I complex. In the PS-I particles of spinach, the 
flash-induced absorbance change measured at 370 nm that is indicative ofthe reduction of A| showed a 
biphasic decay, with 65% and 35% ofthe decay displaying /i/,-values of 25 and 150 ns, respectively. On the 
other hand, the PS-I particle prepared from the cyanobacterium Synechococcus sp. showed a monophasic 
decay /y, of200 ns. By examining various particles and complexes prepared in different ways using differ- 
ent detergents, it was apparent that the relative amplitude ofthe l5-ns decay is smaller in those materials 
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Fig. 10. (A) Flash-induced absorbance changes at 387, 430 and 455 nm in a sample of PS-1 particles from Synechococcus sp. under 
a mild reducing condition (ascorbate+ DCIP) or containing ferricyanide (FeCy); (B) difference spectra constructed from the M ampli- 
tudes at the beginning and end ofthe 200-ns phase, i.e., at 5 ns and 1 .6 /js, respectively. The spectrum in the inset of (B) represents AA 
{ [P700* A,'] - [P700 Ai] } measured at 1 0 K (taken from Fig. 4 above). The dotted-line difference spectrum in (B) is that for [P700* - 
P700]. Figure source: Brettel (1 988) Electron transfer from A," to an iron-sulfur center with t,/=200 ns at room temperature in photosys- 
tem I. Characterization by flash absorption spectroscopy. FEBS Lett 239: 95, 96. 
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that underwent less harsh (detergent) treatment. As discussed in Section III.B. below, as well as in two, 
more recently reported spectroscopic studies, the A)~->FeS-X electron-transfer times in complexes from 
cyanobacteria and spinach as well as cyanobacterial cells all show values of /y, of -200 ns. Thus, it has 
generally been considered that the 200-ns time probably applies to the forward electron transfer from A, to 
FeS-X in photosystem I under physiological conditions: 

200 ns 

{P700^-Ao Af FeS-X-[FeS-A/B]} {P700^-Ao A, FeS-X-[FeS-A/B]} 

While Setif and Brettel^^ were trying to reconcile the different electron-transfer times from A) to FeS- 
X, the 200-ns value received additional confirmation from the results of Liineberg, Fromme, Jekow and 
Schlodder^’. Liineberg et al, using the trimer and monomer PS-I complexes prepared from the thermo- 
philic cyanobacterium Synechocystis sp. as well as core complexes with PsaC (FeS-A/B), PsaD and PsaE 
removed by urea treatment, were able to identify FeS-X as the intermediary electron carrier between A] 
and FeS-A/B, in accord with their spatial arrangement as established at the time by X-ray crystallo- 
graphy^^ at 6 A resolution. 

Liineberg et al.^^ examined the role ofFeS-X in forward electron transfer by comparing its kinetics in 
intact PS-I complex and the PS-I core complex lacking FeS-A/B. As P700 and FeS-centers both make a 
negligible contribution to the absorbance at 384 nm, this wavelength was chosen to monitor the formation 
of A|~and its decay. As shown by the 384-nm absorbance-change signals in Fig. 11 (A), the kinetics of 
reoxidation of Af represented by the absorbance decay at 384 nm is practically the same in both the intact 
PS-I and the PS-I core complex. The decay following the formation of [ P700^-Af] in either kind ofsample 
has a h/j value of 180 ns, which can be assigned to the time for oxidation of Af by FeS-X [cf. previous 
discussion ofthese kinetics in Chapter 31, Fig. 13 (C)]. At 435 nm, the initial absorbance decrease shown 
in Fig. 1 1 (A) is largely due to P700 photooxidation. If due entirely to P700, this absorbance change would 
show no detectable change in the nanosecond time domain under the condition offorward electron transfer. 
However, there is a small additional component with a /./, comparable to that at 384 nm and thus attribut- 
able to the reoxidation ofAj . Note that these results are quite similar to that of Brettel^* as shown in Fig. 
10 (A). The significance of these results is that the kinetics of forward electron transfer from Aq' to 
FeS-X is the same in the intact PS-I complex containing the terminal acceptor FeS-A/B, just as in the PS- 
I core complex lacking FeS-A/B where only FeS-X serves as the terminal acceptor. Since the electron- 
transfer kinetics is independent of whether FeS-A/B is present or absent, these results show unequivocally 
that FeS-X is an obligatory intermediate in the electron-transfer chain. The identical electron-transfer rate 
from Aj” to FeS-X in either the intact PS-I complex or the PS-I core complex also indicates that the 
structure ofthe PsaA/PsaB heterodimer subunit ofthe PS-I reaction center is not significantly altered by 
removal of the stromal subunits PsaC, PsaD and PsaE. 

The 200-ns electron-transfer time from A i to EeS-X was independently confirmed by Leibl, Toupance 
and Breton^^, who also used a PS-I complex prepared from Synechocystis for the measurement of the 
flash-induced absorbance change at 380 nm, as shown here for comparison in Pig. 1 1 (B). Additionally, 
Leibl etal?'^ also carried out photoelectric measurements using oriented sheets ofthe Synechocystis PS-I 
membrane and obtained a 220-ns phase attributable to the A| ->FeS-X electron-transfer step, as illus- 
trated in Pig. 1 1 (C). Here the initial, rapid-rise phase, recorded at the limit ofthe instrument response 
time, is thought to include two kinetic components faster than 100 ps, namely those for the formation of the 
[P700’ 'Ao ] andthe [P700*'An states. The rapid phase is followed by a slower phase with a halftime of 
200±20 ns and attributed to the [Ai~->FeS-X] electron-transfer step. It was shown that gradual removal of 
PeS-A/B diminished the amplitude ofthe 220-ns phase. Upon partial removal ofPeS-X, the 220-ns phase 
is diminished disproportionately, as shown by the loss of the 200-ns rising phase in Pig. 1 1 (C). 
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Fig. 1 1. (A) Flash-induced absorbance changes in the PS-I complex prepared from the cyanobacterium Synechocystis and the PS-I 
core complex after urea treatment to remove PsaC (FeS-A/B), PsaD, and PsaE, at 384 nm (left) and 435 nm (right); (B) Flash-induced 
absorbance change at 380 nm in a similar Synechocystis PS-I complex under conditions similar to those used to obtain the upper left 
trace in (A); (C) Flash-induced photovoltage change in the same PS-I complex used in (B). Figure source: (A) LOneberg, Fromme, 
Jekow and Schlodder(1994) Spectroscopic characterization of PS I core complexes from thermophilic Synechococcus sp. Identical 
reoxidation kinetics of before and after removal of the iron-sulfur-clusters Ff,andF^. FEBS Lett 338: 200. 201; (B) and (C) LeibI, 
Toupanceand Breton Photoelectric characterization of forward electron transfer to iron-sulfur centers in photosystem I. Bio- 

chemistry 34: 10239, 10240. 



III.B. By Transient EPR Spectroscopy 

The A)~-to-FeS-X electron-transfer rates initially reported by Mathis and Setif^"^ and by Brettel^’ dif- 
fered by almost one order of magnitude, a discrepancy which was eventually reconciled by Setif and 
Brettel and by others ’ . Nevertheless, alternative measuring techniques were sought by other workers 
in an attempt to define with greater certainty the value of the electron-transfer time. Since phyllosemiquinone 
and reduced FeS-X are both paramagnetic, transient EPR techniques would appear suitable for studying 
this problem. As discussed above, radical pairs such as [PVOO'^-Af] can produce ESP-EPR signals with 
emissive and absorptive resonances. In 1994, two laboratories determined, almost simultaneously, the 
electron-transfer rate from A f to EeS-X using transient EPR measurements. Moenne-Loccoz, Heathcote, 
Maclachlan, Berry, Davis and Evans used the phase shift of the electron- spin-echo (ESE) signal to 
estimate the decay time ofthe electron-spin-polarized pair in [P700'^-A|“], ascribing it to forward electron 
transfer from A|“ to EeS-X. Van der Est, Bock, Golbeck, Brettel, Setif and Stehlik^^ also used time- 
resolved EPR to measure consecutive ESP signals that represent radical -pair-state transitions involved in 
the A|“-to-FeS-X electron transfer. The two groups obtained essentially the same rate value for the for- 
ward electron transfer from Af to FeS-X. The results of Van der Est et are presented here. 
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Van der Est etal. used thylakoid membranes from Synechococcus sp. PCC 6301 as the starting material 
to prepare three PS-I complexes, the intact { PTOO-Ao-ApFeS-X-fFeS-A/B] }, plus two core complexes 
with and without the iron-sulfur acceptor, FeS-X, i.e., {PVOO-Ao-ApFeS-X} and{ P700-Ao-A|}. TheEPR 
experiments were conducted at 9 GHz (X-band) in the direct detection mode with no field modulation. As 
an illustration. Fig. 12 (A) shows a three-dimensional plot of a complete magnetic-field/time data set 
collected in the region nearg=2 at a resolution of 0.025 mT along the magnetic-field axis (B(^ designates 
magnetic field strength) and 50 ns along the time axis, as reported by Bock, van der Est, Brettel and 
Stehlik^l 

Under physiological conditions, each excitation flash evokes two consecutive spin-polarized transient 
EPR spectra that show both absorptive (“A”) and emissive (“E”), i.e., positive and negative, signals, 
respectively. The measured spectra were found to reflect the composition and electron-transfer pathways 
in the three complexes. Both of the two complexes with iron-sulfur centers [Fig. 12 (B), (a) and (b)] 
exhibited an early spectrum with an E/A/E profile, which was assigned to the radical pair, [P700’'-A|”], 




(a) {P700 Ao-A,-FeS-X-[FeS-A/B]} 

(b) {P700-Ao-A,-FeS-X} 

(c) {P700-Ao-A,} 



Fig. 12. (A) Room-temperature transient EPR data-set plotted against magnetic field and time for a PS-I complex from Synechococcus 
sp. Data were collected with resolutions of 50-ns along the time axis and 0.025 mT along the magnetic-field axis; (B) Transient EPR 
spectra in the 337.5-340.5 mT region, derived from sets of data similar to that presented in (A) for three PS-I complexes: the intact 
complex {P700 Ao A, FeS-X' [FeS-A/B]} (a) and two core complexes with the terminal acceptors sequentially stripped off. i.e., 
{P700 Ao'A, FeS-X} (b) and {P700 Ao A,} (c). See text for details. (C) T ransient EPR signals at sf 2.0040; signal field position marked 
by an upward arrow in the corresponding spectra in (B). Figure source: (A) Bock, vd Est, Brettel, and Stehlik (1989) Nanosecond 
electron transfer kinetics in photosystem I as obtained from transient EPR at room temperature. FEBS Lett 247: 93; (B and C) Vd Est, 
Bock, Golbeck, Brettel, S6tif, and Stehlik (1994) Electron transfer from the acceptor A, to the iron-sutfur centers in photosystem I as 
studied by transient EPR spectroscopy . Biochemistry 33: 11791,11792, 
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and a late spectrum with a predominantly emissive (E) profile, which was assigned to the radical pair 
[PVOO^'FeS-X*]. The latter assignment was consistent with its absence in the {P700-Ao‘A| } complex [Fig. 
12 (B, c)]. Additional independent and unambiguous support for this assignment was also provided by the 
prior work of Sieckman, van der Est, Bottin, Setif and Stehlik^’ who demonstrated the absence and pres- 
ence of the appropriate E/A/E ESP spectrum after quinone extraction and reconstitution, respectively. 
Note that the shape ofthe early E/A/E spectrum in the [P700-Aq'A(] complex was significantly different 
from that in the complexes with iron-sulfur centers. 

Fig. 12 (C) shows the transient EPR kinetics for the three PS-I complexes atg=2.0040, corresponding to 
the field marked by an upward arrow in the ESP spectra in panel (B). The parameter t indicated for the 
first and second transient signals represents the time for the transition from the early to late spectrum; 
estimated x values for the first two complexes were estimated to be 190 and 210 ns. 

Both the intensity and decay rate ofthe transient signal in the [P700-Ao-Ai'FeS-X] core complex in Fig. 
12 (C, c) appear to be slightly smaller than in the intact complex. The smaller signal could have resulted 
from a fraction ofthe reaction centers having a more rapid electron-transfer pathway, thus decreasing the 
absorption due to [P700^- A| “] and increasing the emission due to [P700^-FeS-X“] during the early time 
period. Nevertheless, in the absence of FeS-A/B, the time of 190 ns for transfer of an electron from A|“ to 
FeS-X was retained. In [P700-Ao'Ai], where FeS-X is absent, no electron transfer was observed beyond 
Aj' in the ESP signals. 

IV. Phylloquinone Extraction, Reconstitution, and Replacement 

The early pioneering work ofLichtenthaler andcoworkers^'^’^’^ established the presence as well as the 
specific location of phylloquinone in the thylakoid membrane. Subsequent work of Richard Malkin^ showed 
that only one ofthe two phylloquinone molecules in the reaction centers of photosystem I participates in 
the electron-transfer sequence. Before the various spectroscopic characterization studies described in the 
previous sections were undertaken, much attention was given to the establishing whether or not phyllo- 
quinone indeed serves the role of acceptor A | in the PS-I electron-transfer chain. In the mid-1980s, several 
laboratories carried out extraction and reconstitution ofphylloquinone as a means of addressing this ques- 
tion. The premise of all such studies may be visualized in terms of the presumed PS-I electron-carrier 
sequence: 

FNR 

P700-^Ao->A,->FeS-X->FeS-A/B-^Fd->NADP^ 

Since A | is an intermediary electron acceptor, its removal would block any forward electron transfer 
beyond Aq, and the reduction of all carriers beyond Aj. Also, in the absence of A|, the extra electron on 
reduced Aq" would be expected to reverse its course and rapidly return to P700*. In the following, we will 
discuss the various effects on the properties of the PS-I complex resulting from phylloquinone extraction 
and reconstitution. 

IV. A. Effect of Phylloquinone Extraction and Reconstitution 

Phylloquinone extraction and reconstitution was performed by Itoh, Iwaki and Ikegami^"^ with digitonin 
PS-I particles and “P700-enriched particles.” The extraction process was monitored directly by the EPR 
spectrum of the photoaccumulated, A | semiquinone radical with its characteristic g-value of 2.004 and 
halfwidth of 10 G. The digitonin PS-I particle used for extraction contained -150 chlorophyll, 20 caro- 
tenoid and 2.2 phylloquinone molecules per P700. Extraction with dry ether removed -60% ofthe chloro- 
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phyll and all ofthe carotenoid and phylloqninone. Additional chlorophyll conld be removed nsing water- 
saturated ether. However, neither P700 nor the iron- sulfur proteins appeared to be affected by wet or dry 
ether extraction. 

Both nntreated particles and ether-extracted particles were examined by first placing them in a high-pH 
glycine bnffer containing 10 mM dithionite and then illnminating the sample to photoaccnmnlate A| and 
Ao". As seen in Fig. 13 (A), top, the nntreated particle began to develop a 10 G-wide, Af signal after a 
2-minute illumination at 210 K. Longer illumination times also developed the 15 G-wide signal of Aq". The 
A() -signal was even more prominent with additional illnmination at 220 K. For the extracted particle, as 
seen in Fig. 13 (A), bottom, primarily the Aq”- signal developed from the beginning when illnminated at 
210 K and fnrther illnmination at 220 K showed only a slight incremental development ofthis signal. From 
the fnlly developed EPR spectra of the nntreated and extracted particles, the net amonnt of Aj 
photoaccnmnlated conld be estimated, as shown in Fig. 13 (B). The development of EPR signals is plotted 
against illnmination time in Pig. 13 (C), top, for the nntreated particle and, bottom, for the extracted 
particle. Traces associated with the development of signals due to (A| + Ap ), Aq~ and the difference 
between the two, i.e., dne to A| alone, are indicated. The plot shows that in the nntreated particle, the Ap 
signal was readily developed by illnmination at 210 K. Pnrther signal development was largely dne to Aq 
when illnmination was continned at 220 K. On the other hand, in the extracted particle where A| was 
qnantitatively removed, only Aq" was photoaccnmnlated at 210 K, and little additional Aq~ signal devel- 
oped at 220 K. 






Fig. 13. (A) Development of EPR signals of photoaccumulated A," and Ao~ in untreated, spinach digitonin PS-l particles (top) and ether 
extracted particles (bottom); illumination time and temperature are indicated for each EPR spectrum; (B) Profiles (gN-values and linewidths) 
of the fully developed EPR spectra of the untreated and ether-extracted samples; (C) plot of the development of EPR signals of 
[At' +Ao'l, Ao' and A,' in untreated (top) and ether-extracted PS-l particles (bottom) as a function of iilumination time (and illumination 
temperature). Figure source: Itoh, iwaki and Ikegami (1987) Extraction of vitamin K, from photosystem I particles by treatment with 
diethyl ether and its effect on the AC EPR signal and system I photochemistry Biochim Biophys Acta 893: 510,511. 
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IV. B. Effect of Phylloquinone Extraction on the Photochemical Activity of Succeeding 
Electron Carriers 

Behavior of iron-sulfur proteins in particles after phylloquinone removal . According to the electron- 
carrier sequence presented above, removal of A| from the chain is expected to block forward electron 
transfer to succeeding carriers. This area of research, however, has been somewhat controversial. For 
instance, Itoh et a/. initially found that, contrary to expectation, in particles whose phylloquinone was 
nearly quantitatively extracted, FeS-A/B could still be photochemically reduced at both 10 K and at room 
temperature. These authors also demonstrated photoaccumulation ofFeS-X“. Meanwhile, Mansfield, 
Hubbard, Nugent and Evans^^ performed ether extraction on PS-I particles prepared from pea chloro- 
plasts and obtained a similar correlation between phylloquinone extraction and the development of iron- 
sulfur-protein EPR signals, showing that the iron-sulfur proteins were retained. However, these authors 
found that the iron sulfur centers could only be reduced chemically, not photochemically. Eurthermore, 
they also reported that addition of synthetic vitamin K] to the extracted particles did not restore electron 
transfer to the iron-sulfur proteins. The authors explained that ether not only extracted phylloquinone and 
pigment molecules but also lipids, whose removal could possibly have affected the structure of the reaction 
center and consequently electron-transfer behavior. 

In the meantime, Setif, Ikegami and Biggins^® examined in more detail the photochemical activity ofthe 
iron-sulfur centers in PS-I particles devoid of phylloquinone. They measured the EPR spectra ofreduced 
iron-sulfur centers produced by illuminating at cryogenic temperatures PS-I particles from the 
cyanobacterium Synechocystis as well as from spinach, each containing untreated [2 OQ/P700] and ex- 
tracted [no OQ/P700]. As shown in Pig. 14 (A), the signal amplitude ofthe EPR spectrum ofreduced 
PeS-A produced by flash illumination increased with increasing number of flashes. After a sufficient 
number offlashes had been applied, some indication of photoreduction ofPeS-B also had become appar- 
ent with the emergence ofthe g=l .89 line. Thus, photoreduction ofthe iron-sulfur centers appeared to be 
independent of the presence or absence of phylloquinone. Compared with a particle with a full comple- 
ment of phylloquinone, the extracted particle showed only a slightly smaller PeS signal. Spinach PS-I and 

(A) PS-I particles (Synechocystis), 15 K (B) 

% 
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Fig. 14. (A) Irreversible photoreduction of FeS-A/FeS-B in untreated Synechocystis PS-I particles (left) and extracted particles contain- 
ing no <t>Q (right) at 1 5 K by 1 , 30 and 1 00 laser flashes (532 nm, 1 1 ns duration); (B) EPR-signal amplitudes (in relative %) developed 
as a function of number of flashes applied. Particle compositions in OQ/P700 and Chl/P700 are showm in the inset. Figure source; S6tif, 
Ikegami and Biggins (1 987) Light-induced charge separation in photosystem I at low temperature is not influenced by vitamin K-1. 
Biochim Biophys Acta 894: 149, 152. 
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the “P700-enriched” particles showed a similar behavior. The irreversible development ofEPR signals of 
iron- sulfur proteins is plotted against flash number in Fig. 13 (B) for Synechocystis particles containing 2, 
1 andO OQ molecules per P700. Significantly, the plot for the particle containing only 1 00/P700 is 
nearly identical to the untreated particle containing 2 OQ/P700. This result is consistent with the previous 
finding of Malkin^ that the more easily removed of the two phylloquinone molecules does not appear to 
participate in electron transfer in photosystem I. 

Photochemical activity of FeS-X in PS-I particles with all the phylloquinone removed was also demon- 
strated in a sample of “P700-enriched particles” (Chl/P700=13) in a pH=10 buffercontaining 8204 "" to 
pre-reduceFeS-A/FeS-B. Continuous illumination ofthe sample at 9 K induced the formation ofan EPR 
line at g~1.78 that decayed in the dark. This result appears to suggest that FeS-X can undergo reversible 
photoreduction in PS-I particles without any phylloquinone and with its terminal acceptors FeS-A/B pre- 
reduced chemically, just as in untreated particles containing phylloquinone. The authors explained these 
results by proposing that Aq may be in close proximity to the iron-sulfur centers and can thus transfer 
electrons directly to them even in the absence of A|. 

Inhibition of NADP ' photoreduction in PS-I particles devoid ofphylloquinone . Experiments described 
thus far on the effect of phylloquinone removal on the photochemical activity of succeeding electron 
acceptors appear to suggest that photochemical reduction of terminal electron acceptors at cryogenic 
temperatures are not inhibited by removal ofphylloquinone, whereas the reaction is inhibited at ambient 
temperature. We now examine the effect ofphylloquinone extraction on photoreduction ofthe physiologi- 
cal terminal electron acceptor, NADP‘, as studied by Biggins and Mathis^^. As seen from the following 
scheme 

FNR 

P700^Ao-^[A,]-).FeS-X^[FeS-A/B]-»Fd N ADP^ 

NADP^-photoreduction is aphysiologically more meaningful reaction and requires acomplete electron- 
carrier chain capable of undergoing all forward electron transfers in photosystem I. 

A PS-I particle prepared from Synechocystis 6803 was used for the study. One ofthe twoOQ molecules 
per P700 was readily removed from the lyophilized particles using hexane extraction, which also removed 
some carotenoids and lipids. The second OQ was extracted only by using hexane containing 0.3% metha- 
nol; additional carotenoids and lipids plus 50% ofthe antenna chlorophyll were also removed during this 
extraction step. NADP‘-photoreduction was assayed by measuring the absorbance increase at 340 nm in 
the reaction mixture containing ascorbate-DCIP, NADP', ferredoxin andFd-NADP^-reductase (FNR). 
NADP'^-photoreduction activities ofthe unextracted and extracted PS-I particles are listed in the following 
table: 





^Q/ 

P700 


Additions 


pmol NADP* reduced 
per mg Chl /i 


Unextracted 


2 


- 


54 


Hexane-extracted 


1 


- 


44 


Hexane-MeOH extracted 


0 


- 


<0.1 
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20 mM <t>Q, extract 


27 


■■ 




too mM OQ, no extract 


<0.1 
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Extract only 


<0.1 
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The hexane-extracted particles that still retained one <t>Q per P700 retained 81 % of the NADP*^-reduc- 
tion activity ofthe unextracted control. In contrast, particles extracted with hexane-0. 3% methanol had all 
the cDQ removed and theNADP^-reduction activity was completely lost. The NADP^-reduction activity of 
the hexane/methanol-extracted particles could be reactivated by readdition of exogenous <t>Q, but only 
when the hexane extract was also added back. Exogenous OQ alone, even at a rather high concentration, 
could not reactivate NADP* photoreduction and the hexane extract alone was also not effective, presum- 
ably because of its low OQ content. The nature ofthe component in the hexane extract that contributes to 
reconstitution is as yet unknown. As the hexane extract contains d)Q,chlorophylls, carotenoids, lipidsand 
other nonpolar molecules, some critical component is probably needed to ensure the correct membrane 
structure for binding ferredoxin and/or Fd-NADP^-reductase . This conclusion is supported by the fact 
that activity of prior terminal acceptors such as the iron-sulfur centers do not require the hexane extract. 

Although the NADP^-reduction activity ofthe PS-I particles was relatively low, the reconstitution re- 
sults are significant in that the requirement for OQin NADP'-photoreduction has been unambiguously 
demonstrated by these experiments. These authors also used transient optical spectroscopy to probe the 
electron-transport kinetics in the absence and presence ofOQ in the particles. The kinetic data and the 
NADP^-photoreduction results are consistent with phylloquinone, i.e., vitamin K| being an intermediary 
electron acceptor of photosystem I. 



IV.C. Types of Quinones that Can Replace Phylloquinone in Reconstitution 

In spite of some of the anomalies described above, the role of an intermediary electron carrier for 
phylloquinone in mediating forward electron transfer from Ao" to FeS-X and the subsequent iron-sulfur 
centers FeS-A/B in photosystem I is now generally accepted. The question of a structural requisite or 
specificity for the quinone molecule at the A| site has been investigated independently by Iwaki and Itoh^® 
and by Biggins^^. Both groups used the recombination kinetics between P700* and P430 ’ or [FeS- A/B]~, 
as the criterion for the effectiveness ofreconstitution by the replacement quinone. V arious benzo-, naphtho- 
and anthraquinones were tested as replacement for phylloquinone by both groups. In phylloquinone-de- 
pleted samples, Ao' directly recombines with P700*, leading to the triplet state of P700 with rapid decay 
kinetics. Only a functional quinone at the A, site can mediate electron transfer from Ag to FeS-X and the 
terminal acceptor P430 (FeS-A/B), with P700* eventually recombining with the reduced terminal accep- 
tor. Using decay kinetics ofthe flash-induced P700 absorbance change as the criterion, Iwaki and Itoh^^ 
found that all 14 quinones chosen for the test were functional replacements to various degrees, suggesting 
that there is no strict site specificity. Iwaki and Itoh further examined the binding affinity, by measuring the 
extent of P700 absorbance change as a function of quinone concentration, and found that binding is 
enhanced up to a point by increasing the number of aromatic rings in the quinones, i.e., binding affinity 
increases in the order ofbenzo-, naphtho- and anthraquinone. However, quinones with molecular sizes 
larger than anthraquinone showed a lower affinity. Also, the presence of a hydrocarbon tail such as phytyl 
was generally found to be essential for tight binding at the A) site. 

On the other hand, Biggins^^ examined various benzo-, naphtho- and anthraquinones and found a more 
stringent structural requirement for areplacement quinone to be functional at the A) site. It was specifi- 
cally noted that among the many types of quinones, only naphthoquinones possessing a hydrocarbon chain 
at the 3-position, namely, 2-methyl-3-decyl-, 2-methyl-3-(isoprenyl)2- and 2-methyl-3-(isoprenyl)4- 
naphthoquinones, similar to phylloquinone with the 3-phytyl chain, could provide the required molecular 
structure for interaction with the hydrophobic domain at the A | site, as confirmed by the criterion of 
P7007P430^ recombination kinetics. All other quinones presumably could oxidize Ao~ but the reduced 
quinone then recombined directly with P700*^. It was also noted that 2,3 -dimethyl- 1,4-naphthoquinone, 
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whose of-746mV is very close to that of 2-methyl-3-decyl- 1,4-naphthoquinone (£,„ = -730 mV) hut 

without the hydrocarbon chain at the 3-position, failed to restore the P700*/P430 recombination kinetics. 

In situ redox-potential values ofthe replacement quinones are apparently crucial for their function. Note 
that quinone binding at the A| site usually shifts the polarographic halfwave potential £y, as measured in 
aprotic solvent such as dimethylformamide (DMF) by -0.2-0.3 V toward the negative direction. The 
dependence of reconstitution on the redox potential ofvarious replacement quinones as well as a number 
ofnon-quinone carbonyl compounds, the fluorenones, are summarized in Fig. 15, where a plot is shown of 
the extent of P700^ recombination with [FeS-A/B]’ v^. the values of 14 quinones and 7 fluorenones'*" 
measured in DMF. It is worth noting that the data points representing the quinones fit a theoretical, one- 
electron Nernst curve (the solid-line trace) with its center located near the redox potential of FeS-X, i.e., 
Ey= -0.4 in vitro (E - -0.7 in vivo). The most effective quinones, as expected, belong to those with a redox 
potential lying between those of Ao and FeS-X. Replacement quinones with too negative redox-potential 
values may not be efficiently reduced by Ao“. On the other hand, those with redox potentials comparable to 
or more positive than that of FeS-X may not be able to reduce FeS-A/B. In this case, there is evidence that 
the reduced form ofthe replacement quinone may recombine directly with P700''' with a/y^ of~200 /js.lt 
was concluded from these studies that reconstitution by replacement quinones and fluorenones are prima- 
rily determined by the redox potential and the molecular structure is apparently only of secondary signifi- 
cance. 



=E„ofjFeS-X 




© 2,3-(CI)j-NQ; @ 1-NOj-AQ; @ NQ; © 2-Me-NQ (menadione); © 2.3-(Me)j-NQ; © MQ-4; @ <t>Q; © 1-CI-AQ; ® AQ 
@ 2-Me-AQ; ® 1 -NH^-AQ; (g)2-NHj-AQ; @1 ,2-(NHj)j-AQ; (3)2,6-(NHj)j-AQ 
Fluorenones:O2,4,5,7-(NOj),-;02,4,7,-(NO2)3; 02,4,-(NO2)2; ©S-NO,-; ©2-F-; ©tluorenone; 02-NHj-. 



Fig. 15. Plotoftheextentof absorbance change due to P7007P430" recombination measured at 695 nm vs. the redox potential of 14 
quinones and 7 non-quinone carbonyl compounds, the fluorenones (individual compounds are identified below the plot). The solid curve 
is the theoretical, one-electron Nernst curve centered near the redox potential of FeS-X in vivo. Data adapted from Itoh and Iwaki (1 992) 
Exchange of the acceptor phylloquinone by artificial quinones and fluorenones in green plant photosystem I photosynthetic reaction 
center. In: N Mataga.T Okada and H Masuhara (eds) Dynamics and Mechanism of Photoinduced Transfer and Related Phenomena. 
p.533. Elsevier, 
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Up to this point, we have considered the electron carriers bound to the photosystem-I thylakoid mem- 
brane. They include the primary electron donor P700 and the series of electron acceptors Aq (Chi a), A\ 
(phylloquinone), FeS-X, and FeS-A/B. We now turn to two mobile electron carriers around photosystem 
I called plastocyanin (PC), a copper protein and ferredoxin (Fd) a [2Fe-2S] irons-sulfur protein, plus the 
enzyme that catalyzes the reduction of NADP'^ by ferredoxin and called the ferredoxin-NADP^- 
reductase and abbreviated as FNR. 




Fig. 1. Position of the peripheral electron carriers plastocyanin and ferredoxin in the photosystem-l reaction center. 




606 



These mobile electron carriers are relatively low-molecular- weight proteins and are both linked to the 
PS-I reaction-center complex by electrostatic forces. Plastocyanin is located on the lumen side and is the 
electron donor to P700*, while ferredoxin is located on the stroma side and receives electrons from the 
terminal, membrane-bound iron-sulfur proteins FeS-A/B. Water is the ultimate source of electrons for 
plastocyanin reduction. The electron from water is generated by its oxidation by photosystem II, and 
transferred by way of cytochrome /in the cytochrome b(f complex. Reduction of NADP^ by ferredoxin 
requires mediation by the enzyme ferredoxin-NADP'^-reductase or FNR. Figure 1, right is a schematic 
representation of the relationship of the PS-I reaction center to the peripheral electron carriers plastocya- 
nin and ferredoxin as well as the protein catalyst ferredoxin-NADP* -reductase. 

I. Plastocyanin (PC) - Structure and Properties 

Plastocyanin (PC) is a copper-containing electron-transfer protein discovered by Sakae Katoh in 1960 
in Chlorella and later found in all higher plants, algae and cyanobacteria. Some algae, such as Chlamy- 
domonas or Scenedesmus, when cultured in a nutrient medium lacking copper, can adapt to the copper- 
deficient condition by synthesizing cytochrome -c55J as a replacement for plastocyanin. Plastocyanin 
and cytochrome-c55T are, in fact, similar in size, and both have the same type and number of electrical 
charges on the protein surface as well as similar redox potentials. This section will discuss some proper- 
ties ofplastocyanin, including its three-dimensional structure, electron-transfer properties, and its inter- 
action with both the P700-containing PS-I reaction center and cytochrome / 



I.A. Amino Acid Composition and Three-Dimensionai Structure 

Plastocyanin contains two copper atoms per molecule. Plastocyanin in photosystem I is soluble in the 
lumen region and can be readily released in a hypotonic medium and purified by DEAF chromatogra- 
phy. In the oxidized form the copper protein is blue with a major absorption band at 597 nm = 4.7 
mM~' cm"'), two weaker absorption bands at 460 and 770 nm, and one band with vibrational structure 
characteristic of amino acids in the ultraviolet region (see Fig. 2). Plastocyanin in the reduced state does 
not absorb in the visible region. The low-temperature EPR spectrum of oxidized PC has characteristic g- 
values at 2.05 and 2.23. 




Fig. 2. Absorption spectrum of plastocyanin. Figure source; 
Katoh (1982) Plastocyanin, in CRC Handbook of Biosolar 
Resources, Vol 1, Basic Principles, p 162. CRC Press. 
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Plastocyanins from different species consist of 97-104 amino-acid residues, giving a molecular mass 
of about 10.5 kDa. Currently, the amino-acid sequence for plastocyanin has been determined for 30 
species, four of which are shown in Fig. 3 (A), two from cyanobacterial and two from higher-plant 
sources. About twenty amino acids in plastocyanin are conserved (shown enclosed in boxes). The con- 
served amino acids include the four ligands to the copper atom, namely, His-37, Cys-84, His-87 and 
Met-92 (each indicated by an “L” for “ligand”), seven glycine (6, 24, 67, (81), 89, 91 and 94) and four 
proline (16, 36, 47, and 86) residues. Plastocyanin has only one cysteine (Cys-84) acting as one of the 
four ligands to the copper atom. Other conserved amino acids include those that form the acidic patches 
surrounding Tyr-83. These patches consist of residues 42-45 and 59-61, and are marked by the “(-)” sign 
below them. 
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Fig. 3. (A) Amino-acid sequence for plastocyanin from Anabaena, Synechocystis, spinach and poplar A; (B) three-dimensional 
structure of plastocyanin of C. minhaixitii showing the hydrophobic patch bracketed by a haif circle; (C) schematic representation 
of the folding pattern of the p-strands 1 , 2A, 3 and 6 that form p-sheet I, and p-strands 2B, 4, 7 and 8 that form p-sheet II. “HA" is 
a single a-helix; (D) a stereogram of the four ligands His 37, Cys-84, His-87 and Met-92 surrounding the Cu-atom. Figure source: 
(B) Redinbo, Cascio, Choukair, Rice, Merchant and Yeates (1 993) The 1.5 A crystal structure of plastocyanin from the green alga 
ChlamyPomonas reinhardtii. Biochemistry 32; 10565; (C) Redinbo, Yeates and Merchant (1994) Plastocyanin: Structural and 
functional analysis. J Bioenerg Biomemb 26; 52; (D) Colman, Freeman, Guss, Murata, Norris, Ramshaw and Venkatappa (1978) 
X-ray crystal structure analysis of plastocyanin at 2.7 A resolution. Nature 272: 322. 
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The high content of acidic amino acids makes plastocyanin an acidic protein, with a pl~ 4. The impor- 
tance of the copper atom for the function of plastocyanin may he appreciated from the results of inhibitor 
treatment. Either replacement of the copper atom in plastocyanin with mercury hy treatment with HgCl 2 
or extraction of copper hy KCN treatment leads to the loss of electron-transfer ability of plastocyanin. 

Structurally, plastocyanin is one of the best characterized photosynthetic electron-transfer proteins. 
The crystal structure of plastocyanin from poplar leaves was determined by Colman, Freeman, Guss, 
Murata, Norris, Ramshaw and Venkatappa* in 1978 at a resolution of 2.7 A, and further refined to 1.33 
A more recently by Guss, Bartunik and Freeman^. The ribbon representation in Fig. 3 (B) shows an 
antiparallel-barrel (or -cylinder) structure consisting of two P-sheets formed from eight p strands con- 
nected to each other along the polypeptide chain as shown by the schematic representation in Fig. 3 (C). 
On the left, P-strands 1, 2A, 3 and 6 form P-sheet I, and on the right p-strands 2B, 4, 7, and 8 form p- 
sheet II. “HA” is a single turn of an a-helix. The molecular size of PC is 40x32x28 A^. Crystal structures 
of other algal and plant PCs have also been determined and in spite of some variations in the amino-acid 
composition among PCs of different species, the three-dimensional structure is remarkably well con- 
served. 

The copper atom is at the “northern end” of the barrel in Fig. 3 (B) and is ligated by an assymetrical 
tetrahedron ofHis-37, Cys-84, His-87 and Met-92 residues [see stereo views in Fig. 3 (D) and Fig. 4 
below]. The strain imposed by the protein environment on this tetrahedral configuration is considered to 
be responsible for tbe bigb redox potential of plastocyanin = 370 mV) relative to the normal value 
(E^ = 1 70 mV) for the Cu(II)/Cu(I) couple in vitro. The “northern” surface consists of the hydrophobic 
residues Feu- 12, Ala-33, Gly-34, Phe-35, Pro-36, Pro-86, Gly-89, and Ala-90 which form the so-called 
“hydrophobic patch.” This hydrophobic patch covers the Cu-ligand His-87 and has a flat area of ~550 
exposed to the cytoplasm. 




Fig. 4. stereogram of the negative patch in plastocyanin. The seven residues that form the negative charges are shown. See text 
for discussion. The molecule is rotated 60' about the vertical axis from that shown in Fig. 3 (B) to allow a better view of the eastern 
side. Figure source: Redinbo, Cascio, Chaukair, Rice, Merchant and Yeates (1993) The 1.5 A crystal structure of plastocyanin 
from the green alga Chlamydomonas reinhardtii. Biochemistry 32: 1 0564, 
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The “eastern” side of the plastocyanin molecule consists of negative charges arising from deprotonated 
side chains of glutamyl and aspartyl residues 42-45 and 59-61 [refer to amino acids marked hy a sign 
under them in Fig. 3 (A)] and is often called the “negative” or “acidic” patch, as shown in Fig. 4. The 
acidic patch has been shown to extend outward from the main portion of the plastocyanin molecule so as 
to form a niche which may serve as a binding site for PS I and/or cytochrome/. Tyr-83, which is at the 
interior of the niche, surrounded by the negative patch, may provide an extended “through-bond” elec- 
tron-transfer pathway (-12-15 A long) to the Cu-atom via Cys-84. In fact, two electron-transfer path- 
ways, one involving His-87 and the other Tyr-83 were predicted by Colman et al} in 1978 from the 
three-dimensional structure. The electron-transfer pathways between PC and the PS-I reaction center or 
Cyt/will be discussed below. 

I.B. Electron-Transfer Reactions 

As noted in Fig. 1 , plastocyanin is located on the lumen side of the thylakoid membrane and mediates 
electron transfer from reduced Cyt/ to photooxidized P700\ i.e.,Cyt /-^PC->P700. Electron transfer 
through PC can be monitored by absorbance changes in either of the respective partners, as the extinc- 
tion coefficient of plastocyanin in the visible region is relatively low and its absorbance change is thus 
rarely utilized for monitoring purposes. PC oxidation by P700^ is conveniently monitored by the in- 
crease in absorption near 700 nm or by the decrease in absorption near 820 nm^,.both changes due to re- 
reduction of oxidized P700'^. Transfer of electrons from cytochrome/to plastocyanin is usually moni- 
tored by an absorbance decrease at the a-band maximum of the cytochrome. 

Electron-transfer reactions in the Cyt /->PC->P700 sequence may be illustrated by the informative 
experiments reported in 1980 by Haehnel, Propper and Krause"^. These authors used broken spinach 
chloroplasts treated with NH^OH or DCMU to inactivate or block electron transfer from PS II in the 
sample. The buffer used was Tricine containing ascorbate, plus diaminodurene (DAD) or DCIP as the 
secondary electron donor system and 9,10-anthraquinone-2-sulfonate as the secondary electron accep- 
tor. As shown in Fig. 5, a short blue flash elicits an instantaneous absorbance decrease due to P700 
photooxidation, which is followed by a multi-phasic decay representing re -reduction of P700* by PC. 
Note that the initial portion near the flash was slightly truncated by fluorescence interference. 

The decay of the absorbance change in Fig. 5 can be decomposed into three kinetic phases: two rapid 
phases, designated “20-/is,” and “200-/if,” and one slow phase, present in percentages of 10, 16 and 74, 
respectively. The 20-/.is phase represents P700' reduction by plastocyanin complexed to the P700-pro- 
tein and the 200-/is phase by soluble plastocyanin. The slow phase probably represents electron trans- 
port from some residual PS II not inhibited by NH 2 OH. As shown in the table in Fig. 5, the relative 
amplitudes of the three decay phases are sensitive to the medium. A high proportion of rapid phases, e.g., 
“67:30:3,” was attained by the addition of a combination of salts and sorbitol at a relatively high concen- 
tration to the buffer medium, whereas in buffer medium alone, the slow phase is favored (see Fig. 5 
table). If an optimum amount of either salt alone or sorbitol alone is added to the buffer medium, the 20- 
/js decay phase accounted for approximately 1/3 of the total absorbance-change amplitude. The addition 
of only salt or only sorbitol also affects the percentage of the 200-^ decay phase, but only to a minor 
extent. In all cases where the salts and sorbitol exert their effects on the 20-^ decay amplitudes, the 
decay /i/, remained essentially unchanged. However, the 200- /js decay /./, decreased from 2 1 0 /zs in buffer 
medium alone to 140 /zs at the optimum salt and sorbitol concentrations. Under optimum conditions, 
Bottin and Mathis^ measured the three phases from P700^ re-reduction kinetics at 820 nm and found the 
relative amplitudes of the 20-/zs, 200 /js and >5-ms phases to be 50, 30 and 20, respectively. 
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• Buffer = 20 mM Tricine (pH 7.5) + 1 mM ascorbate + 10 mM NHjOH 
+0.1 mM diaminodurene + 0.5 mM 9.10-anlhraquinone-2-sulfonate 



Fig. 5. Flash-induced absorbance change due to P700 photooxidation and dark reduction monitored at 703 nm in broken chloro- 
plasts in the presence of high concentrations of salt and sorbitol. The accompanying table shows effects of salts and sorbitol on 
the amplitude of P700* re-reduction by plastocyanin. See text for discussion. Figure source: Haehnel, Prdpper and Krause (1980) 
Evidence for completed plastocyanin as the immediate electron donor of P-700. Biochim Biophys Acta 593: 387, 389. 

The effects of salts and sorbitol on the amplitude ofthe 20-/iv decay phase can be ascribed to compen- 
sation of surface charges and to osmolarity effects, respectively. Positive ions from the salts presumably 
serve to diminish the repulsion between the negatively charged plastocyanin and the negatively charged 
PS-I membrane. The stimulatory effect of sorbitol on the amplitude of the 20-//S' reaction phase was 
considered to be due to membrane semipermeability such that in the presence of sorbitol there was a 
decrease in the internal volume ofthe thylakoid vesicle and thus an increase in plastocyanin concentra- 
tion available for interaction with P700"^. A similar stimulatory effect has been reported previously for 
other sugars such as sucrose and glucose. The various stimulatory effects on the amplitude ofthe 20-/4S' 
phase but without any noticeable effect on the reaction time constant provide strong evidence that 
plastocyanin and P700 are interacting as a complex. 

HgCl 2 and KCN are known inhibitors of plastocyanin. Haehnel et al.'^ found that in chloroplasts the 
amplitude ofthe 20-/zy decay component decreases with increasing incubation time in KCN or HgCl 2 . 
Unlike the effects of salt and sugars discussed above, treatment by either inhibitor does not change the 
200-/is decay time of the intermediate decay component. It is also of interest that the total signal ampli- 
tude at 703 nm remains unchanged after inhibitor treatments, suggesting that P700 remains intact and 
unaffected by these inhibitors. More importantly, the inhibitory effect of KCN and HgCl 2 on the ampli- 
tude of the IQ-jlis phase unaccompanied by any change in its /./, value supports the notion that plasto- 
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cyanin acts as the immediate electron donorto P700^. Consistent with the 200-/iy phase being involved 
with a pool of mobile plastocyanin present, salt and sorbitol show negligible effect on its amplitude or 
decay ty, values. 

We now turn to the electron donation by Cyt/to PC. This reaction may be conveniently monitored by 
an absorbance decrease at the a-band maximum of the cytochrome that accompanies its oxidation. Fig. 
6 (A) shows the absorbance change due to Cyt/oxidation elicited by a short flash and measured at 554.5 
nm vs. 540.5 nm where there is no net absorbance change for Cyt/ A semilogarithmic plot of the 
absorbance change vs. time (not shown) yields two oxidation phases with values for ty^ of 150 and 550 
/is, respectively. The kinetic plot also indicates a ~30-/is lag in the onset of Cyt/ oxidation, apparently 
associated with the 20-/if electron transfer from PC to P700* that precedes Cyt/ oxidation. Note that the 
absorbance change is presented on two different time scales; to the right of the vertical dashed line, the 
time axis is compressed 40-fold. At zero time, there appears a fast absorbance-change transient which 
can be better seen when the flash-induced absorbance changes are examined at a higher time resolution 
as shown in Fig. 6 (B). This rapid absorbance-decrease transient which decays in has been attrib- 
uted to a carotenoid triplet. 
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Fig. 6. Flash-induced absorbance change due to cytochrome f oxidation by plastocyanin measured at 554.5 nm irs. 540.5 nm as 
the reference. Broken chloroplasts in buffer medium alone (for composition see legend at bottom of the table). In (A) the absor- 
bance-change signal is presented on two different time scales separated by the vertical thin, dashed line. (B) shows the initial 
-600 fjs on an expanded time scale. See text for other details. The table shows the various effects of salts and sorbitol on the 
amplitude and risetimes of the absorbance change due to cytochrome f oxidation. Figure source: Haehnel, PrOpper and Krause 
(1980) Evidence for complexed plastocyanin as the immediate electron donor of P-700. Biochim Biophys Acta 593: 391-393. 
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The table in Fig. 6 shows that the additional presence of salts and sorbitol affects amplitudes as well as 
values for the risetime In the buffer alone, Cyt /-oxidation amplitude is small and consists predomi- 
nantly of a slow phase with of860 /4s. Addition of 5 mM MgClj increases the amplitudes of both fast 
and slow phases and shortens their risetimes slightly. Sorbitol, by contrast, greatly increases the ampli- 
tude of the fast phase and nearly doubles its rate of change. It is clear that the effects of salt and sorbitol 
on Cyt/ oxidation are different from those on P700'*' reduction, suggesting a different type of interaction. 
The increase in amplitude of the slow phase of Cyt/ oxidation by the addition of salts may indicate that 
the approach of mobile PC to Cyt /is facilitated as a result of the compensation of surface charges. 

I.C. Interaction between Plastocyanin and the Photosystem-I Reaction Center 

In considering the electron transfer sequence, Cyt _^->PC->P700, the interaction between PC and both 
P700 and Cyt/ plays a crucial role. One of the most effective methods for examining the question of 
possible interaction of these regions on plastocyanin with the PS-I reaction center and P700 is monitor- 
ing the effects of site-directed mutagenesis on various spectral and kinetic properties. 

Effect ofmutantPCs with altered amino-acid residues in the hydrophobic and acidic patches . Haehnel, 
Jansen, Cause, Klosgen, Stahl, Michl, Huvermann, Karas and Herrmann^ employed site-directed 
mutagenesis to convert two amino-acid residues in the hydrophobic patch and one in the acidic patch 
into leucine. Purified mutant plastocyanins with either GlylO-^Leu, AlaQO-^Leu or Tyr-83-»Leu were 
verified by mass spectrometry and characterized by absorption spectroscopy. PSI-200 particles prepared 
from spinach (refer to Chapter 26) were used for assaying the activity of both the wild-type and mutant 
plastocyanins by flash-induced absorbance changes due to P700’ re-reduction by plastocyanin. Absor- 
bance changes measured at 703 nm in the PS-I particles in the presence ofthe wild-type PC are shown in 
Fig. 7 (a), and mutant PCs Tyr-83->Leu, Ala-90->Leu and Gly-10->Leu, in Fig. 7, traces (b), (c) and 
(d), respectively. In all cases, the excitation flash elicited a very rapid initial absorbance decrease repre- 
senting P700 photooxidation. With wild-type plastocyanin, the fast absorbance-change decay compo- 
nent representing the re -reduction of P700' by PC in the dark, /. e., P700"^+PC(Cu*)->P700+PC (Cii^^), 
corresponded to a rapid electron-transfer time of 1 2- 1 4 /is, which is typical for a P700/PC complex in 
native chloroplasts. These rapid, electron-transfer kinetics indicate that the PS I/PC complex formed a 
stable, active complex. Interestingly, with the mutant PC (Tyr-83->Leu), the decay kinetics show an 
even faster electron transfer to P700^ than with wild-type PC. This result clearly indicates Tyr-83 is not 
involved in electron transfer to P700. It further shows that Cyt /and P700 are bound to different electron- 
transfer sites of the PC molecule (see below). With the mutant PCs (Ala-90->Feu) and(Gly- 1 0->Leu), 
where the hydrophobic residues are replaced by the bulkier leucine residue, the rate constant of the 
decay kinetics is decreased to 39% and 16%, respectively, of that of the wild-type protein [see Fig. 7 (c) 
and (d)]. These results suggest that introduction of bulkier residues onto the flat hydrophobic surface at 
Ala-90 and Gly-10 near His-87 presumably hinders the formation of a complex with PS I and thus slows 
down electron transfer by a significant amount. It further indicates that the flat hydrophobic patch pro- 
vides a site for interaction with the PS-I reaction center and an electron-transfer pathway to P700* via 
His-87. 

Earlier, Nordling, Sigfridsson, Young, Fundberg and Hansson® also performed site-directed mutagen- 
esis and prepared mutant plastocyanins (Leu-12->Glu) and (Tyr-83->His) for use with D144 particles. 
Both mutant plastocyanins undergo a shift in their in situ redox potentials; while the wild-type PC has an 
value of 384 mV, PC (Leu-12-^Glu) undergoes a positive shift to 419 mV, and PC (Tyr-83->His) a 
negative shift to 358 mV. The effect of these mutations on the electron-transfer rate was monitored by 
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Fig. 7. Flash-Induced absorbance changes at 703 nm in PSI-200 particles: (a) wild-type PC; (b) PC (Tyr-83-+Leu); (c) PC (Ala- 
90->Leu); and (d) PC (Gly-10-*Leu). Note change in time scale marked by the vertical dashed line. Figure source; Haehnel, 
Jansen, Cause, KlOsgen, Stahl, Michl, Huvermann, Karas and Herrmann (1 994) Electron transfer from plastocyanin to photosys- 
tem I . EMBO J 13: 1033. 

flash- induced, absorbance-change kinetics of P700 at 830 nm. The intracomplex, electron-transfer rate 
with mutant PC (Tyr-83— >His) was decreased by only a factor of~2 and this relatively minor effect was 
explained as due to its higher redox potential (by 35 mV) that results in a decreased driving force for 
electron transfer. Thus Tyr-83 was not considered to be in the electron-transfer pathway to PS I. On the 
other hand, with the mutant PC (Leu- 1 2->GIu), where the hydrophobic residue leucine is replaced by a 
bulkier, negatively charged residue, the 830-nm decay phase became drastically slower, indicating that 
the introduction ofthe bulkier residue in the flat hydrophobic patch decreases its ability to bind PS I. The 
authors thus concluded that the hydrophobic patch around the copper ligand His-87 provides an impor- 
tant interaction site for photosystem I. 

Role of PsaF in electron transfer from plastocyanin to P700^ . In 1977 Bengis and Nelson^ found a 
possible role for the PsaF protein subunit (or subunit III in their terminology; see Section III of and 
Section I. A. and Fig. 2 of Chapter 26). They already reported that removal of PsaF from the PS-I reac- 
tion-center preparation by 1% Triton resulted in the inability of P700 in the presence of PC to oxidize 
Cyt/or to effect the reduction of NADP^in the presence of PC. Over time, the subject of PsaF has 
become controversial. For instance, Hatanaka, Sonoike, Hirano and Katoh* found that PsaF was not 
required for Cyt-c553 oxidation in the PS-I complex of Synechocystis elongatus (see below). 

In the late 1980s, Wynn and Malkin^ and Hippier, Ratajczak and Haehnel'° independently prepared a 
cross-linked adduct between the PS-I reaction-center complex and PC using the water-soluble, cross- 
linking agent A-ethyl-3[3-(dimethylamino)propyl]carbodiimide (EDC) in a search for evidence ofthe 
involvement of PsaF in electron transfer between PC and PS I. Examining the adduct with SDS-PAGE, 
both laboratories found no evidence for the 19-kDa PsaF subunit but instead a new 31-kDa 
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product that interact with both PC and PsaF antibodies. These results implied an interaction ofthe nega- 
tively charged plastocyanin with the positively charged PsaF subunit. By measuring the flash-induced 
absorbance changes at 703 nm, Hippier et found that P700 in the PS-I complex treated with EDC in 
the absence of PC can undergo rapid photooxidation but no decay was observed on the time scale used. 
However, in the PS-I complex cross-linked with PC, 50% ofthe amplitude ofP700 photooxidation 
showed a rapid re-reduction with a ty, of 1 3 ps, comparable to that found in the native complex. The same 
PS I/PC adduct subsequently incubated with 30 mM KCN for 15 m completely lost its rapid decay phase. 
The kinetic evidence thus supports the notion that cross-linking by EDC conserves the orientation of PC 
in the complex and that PsaF promotes the correct conformation necessary for rapid electron transfer 
from PC to P700* . Wynn and Malkin also showed that PC with modified carboxyl groups does not form 
a cross-linked product with the PS-I complex, implying that the negatively-charged, surface-exposed 
carboxyl groups on PC are necessary for binding with PsaF. Hippier et also suggested that the 
conserved carboxyl residues in the acidic patch may be interacting with the lysine residues of PsaF in the 
complex. These predictions have recently been confirmed by work from HaehneTs laboratory" in which 
it was shown that one acidic patch on PC interacts with PsaF to provide the mutual orientation required 
for rapid electron transfer from PC to P700^. 

Hippier, Reichert, Sutter, Zak, Altschmied, Schroer, Herrmann and Haehnel" converted the nega- 
tively charged residues in the two acidic patches of plastocyanin to neutral residues by site-directed 
mutagenesis. The resulting effect of these modifications in the acidic patches for electron transfer was 
evaluated by examining the appropriate time constants for P700* re-reduction, as determined by flash- 
induced absorbance changes. Plastocyanins were cross-linked with PS-I particles (PSI-200) using the 
cross-linking agent EDC. The cross-linked regions on plastocyanin and PsaF were identified by mass 
spectrometry with tryptic digested fragments. It was concluded that EDC cross-links plastocyanin ex- 
clusively to PsaF at a molar ratio of 1:1, and that amide bonds are formed between the side groups ofGlu 
and Asp residues on PC and those of Lys residues on PsaF. Usually about half of the plastocyanin was 
found to be cross-linked with an orientation close to that of the in vivo complex to form active com- 
plexes. Analysis of tryptic digested fragments also revealed that residues Asp-42, Glu-43, Asp-44 and 
Glu-45 in the southern acidic patch of PC (see Fig. 4) were cross-linked with the lysine residues 12, 16, 
19 and 23 in PsaF, and residues Glu-59, Glu-60, and Asp-61 in the northern acidic patch of PC crosslinked 
with another group of lysine residues 24, 30 and 43 in PsaF. 

The electron-transfer kinetics of PSI-200 particles cross-linked with wild-type and mutant plastocyanins 
were examined by flash-induced absorbance changes. PSI-200 particles cross-linked with wild-type PC, 
shown in Fig. 8, trace (a), displays two P700' re-reduction phases with /y, of 13 fjs and 141 /is, respec- 
tively, comparable to those found in vivo. For PSI-200 cross-linked with a mutant PC with modified 
residues 42 to 45 in the southern acidic patch, i.e., Asp-42^Asn, Glu-43— >Gln, Asp-44->Asn and Glu- 
45->Gln, the rate ofP700' re -reduction is dramatically retarded, as shown in Fig. 8, trace (b), giving two 
kinetic phases with /y, of 1 60 /is and 766 /is. When a mutant PC in which only one residue in the northern 
acidic patch was mutated, i.e., Glu-59~»Gln, the resulting complex with PSI-200 yielded flash-induced 
P700* re-reduction kinetics which were almost the same as that for the wild-type plastocyanin, with ty, 
values of 13 /is and 149 /is, as shown in Fig. 8, trace (c). When all three acidic residues in the northern 
acidic patch were converted to neutral ones, i.e., Glu-59->Gln, Glu-60->Gln and Asp-6 1-^Asn, the 
rapid re-reduction phase still retained a ty, of 14 /is [Fig. 8, trace (d)]. 

The above results showed that an electrostatic interaction between the negatively charged residues 
Asp-42, Glu-43, Asp-44 and Glu-45 on the southern acidic patch of PC and lysine residues 12, 16, 19 
and 23 in the N-terminal region of PsaF is essential for the formation of an active complex for electron 
transfer from PC to P700'". Based on the above results and the amino-acid sequence of PsaF, Hippier 
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etal}^ constructed a model showing the relationship between P700, the PsaF helix and the hydrophobic 
patch and the two acidic patches on PC, as shown in Fig. 9. By examining the amino-acid sequence of 
PsaF, it can be seen that two N-terminal segments, one from Lys-9 to Tyr-32 and one from Ala-37 to 
Asn-55, can each be expected to form an a-helix. Also, the short segment from Ala-33 to Ser-36 in PsaF 
would have a high probability of forming a turn structure between the two helices. Helical-wheel analy- 
sis indicates the helices to be amphipathic, with the hydrophobic face of PsaF being attached to the flat 
docking area formed by subunits PsaA and PsaB, and the hydrophilic lysine residues oriented toward the 
southern acidic patch of PC. Studies of flash-induced, absorbance-change kinetics appear to indicate that 
electrostatic interaction between PsaF and the southern acidic patch of PC is alone adequate to provide 
an optimum conformation and orientation for rapid electron transfer. 
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Fig. 8. Re-reduction kinetics of P700*^ in the complexes formed between PSI-200 particles with wild-type and mutant plastocyanins 
using W-ethyl-3[3-(dimethylamino)propyl]carbodiimide (EDC) as the cross-linking agent. Nd-YAG laser flashes were used for 
excitation. The kinetic traces were presented on divided time scales of 0.2 and 2 ms per division, respectively, (a) PSI/wild-type 
PC; (b), (c) and (d) PSI/mutant PC complexes (see legend on the right side for details). Decay time constants /.^are also listed in 
the legend at right. Figure and data source: Hippier. Reichert, Sutter, Zak, Altschmied, SchrOer, Herrmann and Haehnel (1996) 
The plastocyanin binding domain of photosystem I. EMBO J 15; 6378. 

In summary. Fig. 9 illustrates the pathway for donation of electrons from PC to P700 through His-87 
surrounded by the hydrophobic patch, while PsaF, attached to the major PS-I protein subunits PsaA and 
PsaB, serves to stabilize plastocyanin through electrostatic interaction between the southern acidic patch 
of PC and the lysine residues in the N-terminal helix of PsaF and at the same time assures the correct 
conformation for efficient electron transfer. 
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Fig. 9. Model showing electron transfer from plastocyanin to P700 involving a hydrophobic interaction between the northern patch 
on plastocyanin (the hydrophobic residues surrounding the copper atom in white balls and sticks) and the P700 protein, and an 
electrostatic interaction between the “southern" acidic patch of plastocyanin (the negatively-charged residues 42-45 represented 
by fllled-in black circles) and the positively charged lysine residues (gray circles) in the N-terminal region of PsaF. Figure source: 
Hippier, Reichert, Sutter, Zak, Altschmied, SchrOer, Herrmann and Haehnel (1996) The plastocyanin binding domain of photo- 
system I. EMBO J 15: 6381. 

Role of PsaF in electron transfer from plastocyanin or cytochrome C f. to P700 '' in cyanobacteria . In 
connection with the functional role ofPsaF in electron transfer from PC to P700, Hippier et al}^ tried to 
reconcile the previous finding of Hatanaka et al^ that PsaF is not required for Cyt-c55J oxidation by the 
PS-I complex of the cyanobacterium Synechocystis elongatus but it is required for oxidation of PC by 
PS I of chloroplasts. The origin of the anomaly is presumably related to the amino-acid composition of 
PsaF in cyanobacteria, and this was found to be the case. The authors used PS-I complexes prepared 
from Synechocystis sp. PCC 6803 containing Cyt (or plastocyanin when the organism was grown in 
the presence of 1 mM Cu^^). Both wild-type cells and mutant cells with psaF gene deleted were used. 
Decay kinetics of flash-induced absorbance changes at 820 nm due to P700 photooxidation were mea- 
sured in wild-type PS-I complexes containing either Cyt Q or the interchanged PC and in the corre- 
sponding PsaF-deletion mutants. The pseudo first-order rate constants (k') were plotted against the con- 
centration of the respective electron donor, as shown in Fig. 10 (A). The linear dependence of^ on 
concentration indicates a strictly second-order reaction. There was no evidence of a fast kinetic compo- 
nent arising from an complex between PS I and either PC or Cyt c&, in agreement with a similar finding 
reported previously by Heravs, Ortega, Navarro, De la Rosa and Bottin'^. The electron-transfer times 
from Cyt Cgto P700^ were about 50% faster than from PC. However, most remarkably, with cells that 
contain PC or Cyt Cg, practically no effect on the electron-transfer kinetics was observed by the removal 
of PsaF, as similarly observed by Xu, Yu, Chitnis and Chitnis'^ in electron transfer from Cyt Cg to P700*. 
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Fig. 10. (A) Plots of the pseudo first-order rate constants k for P700*^ reduction in PS-I complexes prepared from Synechocystis 
sp. PCC 6803 vs. the concentration of either electron donor, PC or Cyt c,. Wild-type cells and mutant cells with psaF gene deleted 
were used. Second-order rate constants calculated from the slopes are indicated in the figure. (B) Amino-acid sequences of PsaF 
from two cyanobacteria, Synechocystis sp. PCC 6803 (6803) and Synechococcus elongates (Syn. e.) and from Spinacea oleracea 
(Sp. o.) showing the first 65 residues in the N-terminal region. Figure source: (A) Hippier, Reichert, Sutter, Zak, Altschmied, 
Schrder, Herrmann and Haehnel (1996) The plastocyanin binding domain of photosystem I. EMBO J 1 5: 6378; (B) Chitnis, Purvis 
and Nelson (1991) Molecular cloning and targeted mutagenesis of the gene psaF encoding subunit III of photosystem I from the 
cyanobacterium Synechocystis sp. PCC 6803. J Biol Chem 266: 20146, for ’680T\ MOhlenhoff, Haehnel, Witt and Herrmann 
(1992) Genes encoding eleven subunits of photosystem I from the thermophilic cyanobacterium Synechococcus sp. Gene 127; 
71, for “Syn. e."\ Steppuhn, Hermans, Nechushtai, Ljungberg, ThOmmler, Lottspeich and Herrmann (1988) Nucleotide sequence 
of cDNA clones encoding the entire precursor polypeptides for subunits IV and V of the photosystem I reaction center from 
spinach. FEBS Lett 237; pp. 218-224, for Sp. o. 

In an attempt to reconcile the lack of effect of PsaF on electron transfer from PC (or Cyt Cg) to P700* 
in cyanobacteria, Hippier et al.^^ examined the amino-acid composition of a number of cyanobacterial 
and plant PsaF polypeptides, and found some crucial differences between the two species. The amino- 
acid sequence for the PsaF polypeptides from Synechocystis sp. PCC 6803, Synechococcus elongatus 
and Spinacia oleracea are presented in Fig. 10 (B) for the first 65 residues in the N-terminal region. The 
two shaded bars below the sequences represent the two a-helical segments in the N-terminal region. The 
aligned amino-acid sequences show a high degree of homology in PsaF of the eukaryotes, but some 
marked differences can be noted. First, a short segment of conserved amino acids (33-41) in cyanobacteria 
was apparently expanded by a new, longer sequence (23-49) in an evolutionary process, and this latter 
segment in the N-terminal region has recently been shown to be involved in an electrostatic interaction 
with plastocyanin in plant PS I. Second, most of the lysine residues present in the N-terminal region of 
PsaF in eukaryotes (as indicated by small, upward arrows) are replaced by other amino acids in 
cyanobacteria, including lysines 9,12,16,19, and 23. According to the model presented in Fig. 9, a PsaF 
lacking these lysine residues would not be expected to behave the same as PsaF in eukaryotes. 
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I.D. Interaction between Plastocyanin and Cytochrome f 

Reduction of plastocyanin by cytochrome / would presumably involve some direct interaction be- 
tween them. Cyt/will be described in detail in Chapter 35, hut some relevant information on the compo- 
sition and structure of Cyt/is given here to provide a perspective on the PC/Cyt/ interaction. Cyt/, a 
suhunit of the Cyt bfj" complex, is a c-type cytochrome of 33 kDa molecular mass with an in situ redox 
potential of -370 mV. The amino-acid composition has been determined for Cyt/ from several species, 
that for turnip being shown in Fig. 11. Turnip Cyt/ containing 252 amino-acid residues, was crystallized 
and its three-dimensional structure determined in 1994 hy Martinez, Huang, Szczepaniak, Cramer and 
Smith^"^ at 2.3 A resolution, now refined to 1.96 A (see Chapter 35). 

The notion that opposite charges on the protein surfaces of Cyt/ and PC are engaged in an electrostatic 
interaction was initially demonstrated by the work ofNiwa, Ishikawa, Nikai and Takahe*^. This conclu- 
sion was based on their measurement of the electron-transfer rate as a function of pH, ionic strength and 
temperature. In particular, these authors found the rate constant for Cyt/ oxidation to be nearly constant 
between pH 6 and 9 but to decrease markedly above and below this range. 

The electrostatic interaction between Cyt/ and PC has often been postulated to involve an attraction 
between the negative charges of the acidic patch on PC and the positive charges surrounding the exposed 
edge of the heme in Cyt/. There is a large number of positive amino-acid residues in the globular part of 
Cyt/ including five pairs of consecutive lysine residues. Davis^® has suggested three regions, namely, 
residues 45-69, 150-166 and 180-190, to be likely candidates for binding PC (see Fig. 1 1). 

The interaction between specific amino-acid residues in Cyt/ and those in the acidic patch of plasto- 
cyanin has been extensively investigated by various workers using chemical modification, cross-link- 
ing, and site-directed mutagenesis. A number of studies were centered on the effect of chemical modifi- 
cation of residues of the acidic patches in PC (residues 42-45; 59-61) on the binding of Cyt/ with 
several groups in the mid-1980s reporting inhibition of the interaction of PC with Cyt/. Nordling et al.^ 
and Modi et presented evidence that conversion of Asp-42 to asparagine by site -directed mutagen- 
esis in PC, i.e., Asp-42— >Asn, had no effect on the reduction kinetics of PC by Cyt/, presumably either 
because of lack of direct contact with the residue or because other neighboring carboxylates may be 
involved. 
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Fig. 1 1. Amino-acid sequence of turnip Cyt f. Positively and negatively charged residues are over- and under-lined. Original data 
from Gray (1992) Cytochrome f, structure, functior), and biosynthesis. Photosynthesis Res 34: 361. 
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Takenaka and Takabeis chemically modified Cyt/(from Brasica komatsuna) by replacing the posi- 
tively charged, amino-acid residues (lysine and the amino terminal group) with negatively charged car- 
boxyl groups using the arylating agent 4-chloro-3,5-dinitrobenzoic acid (CDNB). Four such chemically 
modified forms of Cyt/with one to four modified residues per molecule were obtained, separated and 
purified. They found that the Cyt/ containing just a single modified residue transfers electrons to spin- 
ach PC with a rate -50% that of the native Cyt/ and that each additional modified residue resulted in 
another two-fold decrease in the electron-transfer rate. These results confirm the importance of posi- 
tively-charged residues on Cyt/ in its interaction with plastocyanin, particularly since the overall net 
charge of Cyt/ is negative at neutral pH. Similar chemical modification work using CDNB was reported 
by Gross, Curtiss, Durell and White who also concluded that the electrostatic field generated by the 
positive charge on lysine residues is influential in steering PC to the binding site on Cyt/. 

Adam and Malkin^*’ used two other approaches to study the interaction of specific, positively-charged 
regions of Cyt/with the negatively-charged regions of plastocyanin. These authors prepared proteolyti- 
cally cleaved fragments of Cyt/ and then allowed them to bind on a plastocyanin-loaded affinity col- 
umn. The smallest fragment that was found to bind to PC was -11 kDa and contained the N-terminal 
sequence of Cyt/with -90 residues as well as the heme-binding site. Their results suggested that at least 
some of the first 90 amino acids interact with PC. Adam and Malkin also attempted to modify the 
arginine residues in Cyt/with the specific chemical modifier hydroxyphenylglyoxal in the absence and 
in the presence of PC in order to identify the specific arginines that are protected from modification by 
PC binding. Two Cyt/ fragments containing arginine were found to have been modified in the absence 
of plastocyanin but unmodified in the presence of plastocyanin. Sequence analysis of the isolated frag- 
ments showed that arginines 88 and 154 in Cyt/(see Fig. 11) are protected from modification when Cyt 
/is bound to PC. This approach was limited to arginine residues only as no specific chemical modifier 
was yet available for lysine. However, as seen below, lysine residues of Cyt/ have also been shown to 
play an important role in binding plastocyanin. 

In the meantime, Morand, Frame, Colvert, Johnson, Krogmann and Davis^’ used EDC to cross-link 
spinach PC and turnip Cyt/to form an adduct with a 1:1 stoichiometry. The authors found that Lys-187 
of Cyt/cross-linked with Asp-44 of PC, and another, but unidentified, amino-acid residue of Cyt/cross- 
linked with Glu-60 of PC. Interestingly, the authors found that the PC/Cyt/ adduct was incapable of 
binding with photosystem I or donating electrons to it. This latter finding is apparently consistent with 
other evidence that Asp-44 is one of the group of four acidic residues (42-45) that are generally believed 
to bind PsaF and crucial for electron transfer between plastocyanin and photosystem I. 

Tyr-83, a surface-exposed residue surrounded by the acidic patches in plastocyanin, is generally con- 
sidered to be part of an electron-transfer pathway. He, Modi, Bendall and Gray^^ used site-directed 
mutagenesis to convert Tyr-83 into either phenylalanine or leucine, i.e., Tyr-83->Phe or Tyr-83— ►Leu, 
and examined the effect on electron transfer from Cyt/ to PC. In the (Tyr-83->Phe) -PC mutant, they 
reported an 8-fold decrease in the overall rate of electron transfer, due largely to a decreased association 
constant for Cyt/ With the Tyr-83 -►Leu PC, there is a 40-fold decrease in the overall rate of electron 
transfer, an effect that may be attributed to both weaker binding and a lower intrinsic rate of electron 
transfer. Since the Tyr-83— ►Phe mutation affects only cytochrome binding whereas Tyr-83-^Leu muta- 
tion affects both binding and electron transfer, the authors were led to suggest that the hydroxyl group on 
Tyr-83 in PC may be hydrogen-bonded to a residue on Cyt/ Modi, McLaughlin, Bendall, He and Gray^^ 
used NMR relaxation measurements to examine the Cyt /-binding site on PC and found the ferric ion of 
Cyt/to be very close to Tyr-83 on PC. 
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With the three-dimensional structures of both Cyt/and PC known, one may conclude this section by 
presenting the model in Fig. 12 showing the “pre-docking” stage of the PC/Cyt/ complex using the Ca 
trace-model of Martinez, Huang, Smith and Cramer^"^. Possible docking sites suggested by chemical 
modification, cross-linking and site-directed mutagenesis experiments, as described above, are included 
in the figure. The orientation of Cyt/and PC shown in the figure reflect the notion that PC binds through 
its acidic region to the basic region of Cyt/. Martinez et suggested that further information on the 
nature of PC/Cyt/ docking may also be obtained by site-directed mutagenesis in conjunction with co- 
crystallization experiments. 




Fig. 12. Plastocyanin and cytochrome f in the "pre-docking" 
state. Figure drawn according to that ot Martinez, Huang, 
Smith and Cramer (1996) Some consequences of the high 
resolution X-ray structure analysis of cytochrome f. In; DR 
Ort and CF Yocum (eds) Oxygenic Photosynthesis: The Light 
Reactions, p 435. Kluwer Acad PubI, but using ribbon struc- 
tures. The PC ribbon model is adapted from Fig. 4 on p 608. 



Soon after the docking structure was proposed^"* (Fig. 12), Ubbink, Ejdeback, Karlsson and Bendall^^ 
presented a structural model for a transient, electrostatic complex formed between plastocyanin and 
cytochrome /by a novel application of NMR spectroscopy. Their structural model originally shown in 
color is reproduced in Color Plate 12 in the color-plate section. The model of the PC-Cyt/ complex is 
derived from the chemical shift changes of plastocyanin nuclei upon binding to cytochrome/, using ^^N- 
enriched spinach plastocyanin and turnip cytochrome/ These intermolecular, pseudo-contact shifts 
which depend quantitatively on the orientation and distance of the plastocyanin nuclei relative to the 
Cyt-/ heme group, were used as inputs to calculate of a model in which PC and Cyt-/ molecules are 
treated as rigid bodies with fixed positions ofthe atoms. The procedure is thus called a “restrained rigid- 
body molecular dynamics calculation.” In modeling the structure of the complex, Cyt/was fixed and PC 
was allowed to move relative to Cyt/ in order to search for an orientation that best fitted a set of re- 
straints (interface, distance, angle, etc.), as determined by minimization of an energy term. The model 
shown in color plate-12 represents one such minimal-energy structure ofthe protein complex. It can be 
seen that in this model both the hydrophobic and acidic patch of PC make contact with the Cyt-/ surface, 
with a contact area of ~500 A^. Electron transfer can take place via Phe-4 of Cyt/or the heme ligand Tyr- 
1 and the copper ligand His-87 in plastocyanin, with a short pathway between iron and copper measuring 
10.7 A. As detailed in the stereogram in Eig. 13, the shortest distance is that between His-87NE2 and Tyr- 
1C62, measuring 2.9 A. This structure also suggests that the optimal electrostatic complex may also be 
stabilized by short-range interactions. 
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Fig. 13. Stereogram showing the relationship of the PC copper atom with the copper ligand His-87, the Cyt-f residue Phe-4 and the 
heme-iron ligand Tyr-1 suggestive of short electron-transfer pathways. Figure source; Ubbink, Kjdeback, Karlsson and Bendall 
(1998) The structure of the complex of plastocyanin and cytochrome f, determined by paramagnetic NMR and restrained rigid- 
body molecular dynamics. Structure 6: 331 . 

II. Ferredoxin (Fd) 

The terminal electron acceptor of PS I is the 11-kDa, water-soluble ferredoxin (Fd) present in the 
chloroplast stroma. The ultimate electron source for Fd reduction is water, transferred by way of cyto- 
chrome b(f and the PS-I electron carriers (see Fig. 1). The transferred electron finally goes to reduce 
NADP* to NADPH, which is needed for CO2 fixation. Reduction of NADP^is mediated by the enzyme 
“ferredoxin- NADP"^ -reductase,” or “FNR,” boundd to the outer surface of the non-appressed region of 
the thylakoid membrane. 

As mentioned in Chapter 35, the Cyt fc^/complex is involved not only in noncyclic, or linear, electron 
transport but also in cyclic transfer around PS I. In the latter case, the electrons received from photosys- 
tem I by Fd, instead of going to reduce NADP^, are transferred to the plastoquinone pool via h(f. During 
this cyclic process, protons are translocated across the thylakoid membrane, contributing to the trans- 
membrane proton gradient. This cyclic electron-transfer pathway, which is independent of PS II, func- 
tionally resembles that of the bacterial photosynthetic system. The existence of a cyclic electron-transfer 
pathway also helps to account for the observation that chloroplasts often require more than 8 photons for 
the evolution of one O2 molecule. The physiological function of the cyclic pathway, just as it is for the Q- 
cycle, is to increase the amount of ATP produced relative to the amount of NADPH formed, and thus 
provide a mechanism for the cell to adjust the relative amounts of the two substances according to its 
needs. 

II. A. Structure and properties 

Fd is present in higher plants, algae, photosynthetic bacteria, and also in animals. It is an acidic protein 
with a pi of ~4 and contains an [2Fe»2SJ-type cluster with the rather low redox potential of about -410 
mV at pH 7. The [2Fe»2SJ cluster in Fd provides the site for one-electron redox change. It may be noted, 
however, that when algae are cultured in a medium lacking iron, a flavin-mononucleotide-binding redox 
protein called flavodoxin is produced as a replacement. 

Oxidized Fd has absorbance peaks at 276, 330, 420 and 463 nm [Fig. 14 (A)], with 6420 nm“9.7 
mM”' cm"'. Free Fd can be reduced photochemically by light in the presence of chloroplasts, by H2 in the 
presence of hydrogenase or by dithionite and, upon reduction, the absorption peaks in the visible region 
disappear [see Fig. 14 (A), inset]. Oxidized Fd contains two high- spin Fe^^ ions which are antiferromag- 
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Fig. 14. (A) Absorption spectrum of oxidized spinach ferredoxin; inset shows spectra of the oxidized and reduced forms in the 
blue region; (B) EPr spectrum of reduced spinach ferredoxin. Figure source: (A) Buchanan and Arnon (1971) Ferredoxins from 
photosynthetic bacteria, algae, and higher plants. Methods in Enzymology 23: 422. 



netically coupled and the molecule is therefore diamagnetic. Upon reduction, one atom is high-spin 
ferrous and the other high-spin ferric and reduced Fd is thus paramagnetic. At low temperature it has a 
broad EPR spectrum with rhombic symmetry and an average g-value of 1.94 [see Fig. 14 (B)]. 

The ferredoxin molecule consists of 93-99 amino-acid residues. Of these 4 to 6 are cysteines and the 4 
ofthe cysteines that are linked to the Fe atoms are conserved. Fd can be readily crystallized and in 1981 
the crystal structure of a plant-type Fd from the cyanobacterium Spirulinaplatensis was first determined 
by Tsukihara, Kobayashi, Nakamura, Katsube, Fukuyama, Hase, Wada and Matsubara^^. Three-dimen- 
sional structures of Fd from both the vegetative cells and the nitrogen-fixing heterocysts of Anabaena 
7120 were determined to 2.5 A and subsequently refined to 1.7 A in 1991 by Holden, Markley and 
coworkers^^. As shown in Fig. 15, the structure ofFd from the vegetative cell is dominated by a p- 
pleated sheet motif. The 5 P-strands are labelled A to E, of which A and E are parallel and B and C are 
antiparallel. There are 3 a-helices, with one at the C-terminus. The [2Fe»2S] cluster is located near the 
surface end ofthe molecule and is ligated by 4 cysteine residues (Cys-41, -46, -49 and -79). These 
cysteine ligands play an important role in maintaining the three-dimensional integrity of the protein 
molecule as a whole. 




Fig. 15. Three-dimensional structure o1 Anabaena ferredoxin in 
ribbon representation. The five strands of p-pleated sheet are 
labeled A to E. Figure source: Holden, Jackson, Jacobson, Hurley, 
Tollin, Oh, Skjedal, Chae, Cheng, Xia and Markley (1993) Struc- 
ture-function studies of[2Fe-2S] ferredoxins. J Bioenerg Biomembr 
26: 72. 
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II. B. Reduction of Ferredoxin Kinetic-Spectrophotometric Measurement 

Because the absorption spectra of both oxidized and reduced Fd in the blue region are rather feature- 
less and their extinction coefficients are also relatively low, direct spectrophotometric measurement of 
electron transfer from PS I to Fd has generally not been attempted by measuring changes in its own 
absorbance. Furthermore, the visible absorption bands ofFd overlap with those of chlorophylls, P700, 
P430, etc., whose absorbance changes can readily overwhelm that produced by Fd itself. For all these 
reasons, ferredoxin oxidation has, up until recently, been measured indirectly by monitoring the absor- 
bance change at 340 nm that accompanies the reduction ofNADP' to NADPH by Fd. 

The earliest observation that Fd receives electrons from PS I was made by Hiyama and Ke^^ in 197 1 in 
conjunction with the spectroscopic study of P430. In an examination of the effect of the addition of 
various secondary electron acceptors, these authors found that the decay of reduced P430“ (i.e., [FeS-A/ 
B]-) was more rapid in the presence of Fd, which led them to conclude that Fd behaved as a direct 
electron acceptor for P430“ in PS I. In 1980, Bouges-Bouquet^^ measured electron transfer from P430 to 
FNR in whole cells of the green alga Chlorella pyranoidosa spectrophotometrically, but found no evi- 
dence for Fd reduction. The experimental conditions, however, were necessarily rather involved: the PS- 
II changes in whole algal cells had to be suppressed or blocked using NH 2 OH and DCMU; changes due 
to P700, P430 and carotenoid triplet had to be taken into consideration and properly compensated. In the 
end, the absence of Fd absorbance changes in these experiments could not be positively confirmed. 

Nevertheless, since 1992 there has been several attempts to make direct spectrophotometric measure- 
ment of Fd reduction. Before proceeding further, however, let us take a look at the difference spectra of 
P700 and P430 in Fig. 4 of Chapter 30. At slightly below 500 nm, P700 photooxidation produces a small 
absorbance increase, while P430 photoreduction has only a negligibly small absorbance decrease. In this 
spectral region, oxidized Fd has a weak absorption band at 463 nm (see Fig. 14) which extends beyond 
500 nm without significant attenuation. In this region, the differential molar extinction coefficient of Fd 
at its maximum at 463 nm is substantially greater than that for P700 or P430. Hervas, Navarro and 
Tollin^° took these factors into consideration in an attempt to directly measure ferredoxin reduction in a 
PS-I particle with a high-sensitivity, kinetic spectrophotometric system. 

These workers used TSF-I particles prepared from spinach and ferredoxins isolated from both spinach 
and the green alga Monoraphidium braunii. A 660-nm pulse from a dye-laser pumped by a \-ns pulse 
from a nitrogen laser was used for excitation. Fd reduction was monitored at 480 nm, a wavelength that 
was judged to present minimum, but not necessarily negligible, interference from absorbance changes 
produced by either P700 or P430. 

Flash-induced, absorbance-change transients produced by TSF-I particles both in the absence and in 
the presence of Fd were measured at 480 nm [Fig. 16 (A)]. The standard sample consisted of TSF-I 
particles in a pH 7 HEPES buffer containing ascorbate, DCIP and NaCl. The initial amplitude of each 
transient in Eig. 16 (A) is the same but for the sake of clarity the baseline of each has been shifted. In the 
absence of Ed, there is a rapid rise in absorbance due primarily to P700 photooxidation, followed by a 
decay of h/, of ~ 45 ms associated with recombination between P700^ and P430“. When a secondary 
acceptor such as methyl viologen, safranine-T or ferredoxin is present, the decay ofthe P430“ transient 
is accelerated, as noted above, yet P700^ decay remains several orders of magnitude slower. In any case, 
it should be recognized that when ferredoxin is present the observed absorbance changes at 480 nm do 
not simply represent only Ed redox changes. With all the above-mentioned complications and difficul- 
ties in mind, it is noteworthy that Hervas et al?^ observed an acceleration ofthe decay at 480 nm when 
Ed is added to the sample. The authors attributed the change in the appearance of a negative absorbance 
change to the reduction of ferredoxin. This assignment is consistent with the observation that the signal 
reversal was proportional to the concentration of added Ed. Hervas et al?^ observed a similar effect by 
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Fd throughout the 470 to 500 nm region. They further reported that when a more competitive secondary 
acceptor such as methyl viologen is present, the effect of Fd on the 480 nm decay is eliminated. 



(A) 





Fig. 16. Absorbance changes measured at 480 nm and associated with ferredoxin reduction induced at 660-nm by -1-r>s dye 
laser flashes. (A) In the absence and presence of spinach ferredoxin; baseline for each trace is shifted for clarity; (B) plot of rate 
constant vs. concentration of ferredoxins from spinach and the green alga Monoraphidium braunni. Figure source; Herv^s, Navarro 
and Tollin (1 992) A laser Rash spectroscopy study of the kinetics of electron transfer from spinach photosystem I to spinach and 
algal ferredoxins. Photochem Photobiol 56: 321. 

The slopes of semi-log plots made from the transients such as those shown in Fig. 16 (A) in the 
presence of Fd yield kg\,g values which can then be plotted vi'. concentration of spinach or M. braunii 
ferredoxin, as shown in Fig. 16 (B). From this plot, the second-order rate constants may be calculated 
from the initial slopes: 3.0x10’ for spinach Fd and a slightly more efficient electron-transfer rate 

constant of3.3xl0’ for Fd from Monoraphidium braunni. 

Subsequently Setifand Bottin^* refined the basic spectrophotometric method of Hervas et al.^'^ and 
also extended it to additional monitoring wavelengths. An obvious improvement, both in signal-to-noise 
ratio and reproducibility, is illustrated by the results at 480 nm shown in Fig. 1 7 (B) for the PS-I reaction- 
center complex in the absence and presence of ferredoxin isolated from Synechocystis sp. PCC 6803. 
The Tricine buffer at pH 8 contained ascorbate, DCIP, NaCl, MgCl2, and (i-dodecyl maltoside, and a 
ruby-laser flash (694.3 nm) with 6-ns duration provided the excitation. In addition to making measure- 
ments at 820 and 480 nm, Setif and Bottin also monitored absorbance changes at 580 nm, a wavelength 
at which the Fd absorbance change is smaller than that at 480 nm by approximately 30%, and P700 
photooxidation produces a small absorbance decrease, but which is otherwise free of interferences [cf. 
Fig. 14 above and Fig. 4 in Chapter 30], 

As expected, the difference in the absorbance-change signals at 820 nm without and with Fd reflect 
diversion of P430' toward the reduction ofFd instead of P700'^ [see Fig. 17 (A), left], as indicated by the 
slower decay. In the presence ofFd, at a 500-times faster time scale [see Fig. 17 (A), right], the two 
signals in the presence and absence ofFd appear almost the same, except for some minor fast transients 
due to antenna (chlorophyll or carotenoid) triplet states. Such antenna transients are produced when 
saturating flash is used on a PS-I reaction-center complex where P700 is pre-oxidized by illumination in 
the presence of methyl viologen, ascorbate, DCIP, etc. prior to flash excitation, as shown by trace (c) in 
Fig, 17 (A). When the antenna signal is subtracted, no apparent decay of P700'^ is observed during the 
initial l-m^ period. 
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Fig. 17. Flash-induced absorbance changes in a PS-I monomer complex of Synechocystis 6803 at 820 nm (A) and at 480 and 580 
nm (B), without and with Fd (isolated from Synechocystis). Net Fd signals at 480 and 580 nm compensated for the antenna- 
pigment triplet contributions are also shown. Figure source; S6tif and Botfin (1994) Laser flash absorption spectroscopy study of 
ferredoxin reduction by photosystem I in Synechocystis sp. PCC 6803: Evidence for submicrosecond and microsecond kinetics. 
Biochemistry 33: 8497. 

Fig. 17 (B) shows flash-induced absorbance changes measured at 480 as well as 580 nm. The antenna 
transients described above were again subtracted to yield the net signals. These new results show more 
clearly complete electron transfer from photosystem I to ferredoxin. Furthermore, some new features 
emerge in the transients at 580 nm. At higher time resolution, Setif and Bottin found three fast, first- 
order components in the absorbance changes with A/, of 500 ns, 20 /js and 100 ps, respectively. Sepa- 
rately measured spectra in the 460-600 nm region show that the three phases are all attributable to 
electron transfer from [FeS-A/B]' to Fd. The different phases have been accounted for on the basis of 
structurally different, Fd-binding sites in the PS-I reaction center^\ Possible sites may be seen in the 
newly determined, three-dimensional structure of the PS-I reaction center^^’^^. 



II. C. Functional Roles of PsaD and PsaE Subunits in Ferredoxin Reduction 

The electrostatic nature of the interaction between the PS-I complex and Fd has been confirmed from 
the effects of salts, as well as pH and ionic strength, on the rate constants for Fd reduction. Typically, 
maximum effects were found for NaCl in the range 30-50 mM and for MgCl 2 at~l 5 mM. These ionic 
effects were found to apply to ferredoxins from spinach as well as from Monoraphidium braunni. Nei- 
ther NaCl nor MgCl 2 exerts any effect on the re-reduction of P700'^ when Fd is absent, presumably 
because recombination between P700'^ and P430" takes place within the integral PS-I complex. 

For efficient electron transfer from PS I to Fd, structural factors other than the electrostatic interaction 
between the two are also important. Looking at Figs. 1 and 4 in Chapter 25 and Fig. 1 in this chapter, 
polypeptide subunits PsaD and PsaE appear to be likely candidates for serving as “docking” proteins for 
facilitating the interaction between Fd and the (FeS-A/B)-containing PsaC. The interaction between Fd 
and the PS-I complex was investigated by Zanetti and Merati^"^ and by Zilber and Malkin^^ by cross- 
linking experiments using EDC. Ed was found to cross-link with a polypeptide subunit that was later 
identified by Wynn, Omaha and Malkin^® to be the 18 kDa PsaD subunit of the PS-I complex. The 
interaction between Ed and PsaD is apparently electrostatic, as Malkin^’ has recently reported that modi- 
fication of the carboxyl groups on Ed with glycine ethyl esters results in the loss of NADP*^ reduction 
activity as well as the ability to cross-link Ed to the PsaD subunit. 
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A functional role for the PsaE subunit was first demonstrated in 1992 by Andersson, Scheller and 
M0ller^^ by cross-linking a PS-I complex prepared from barley. The authors found a specific interaction 
between PsaE and ENR, suggesting that the PsaE subunit probably has an important role in binding ENR 
to the PS-I complex. In 1993, Sonoike, Hatanaka and Katoh^^ investigated the effect of extraction and 
reconstitution of the PsaE subunit from the Synechocystis PS-I reaction-center complex on Ed reduction. 
PsaE was extracted by cationic detergents, such as dodecyl (or cetyl) trimethyl-ammonium bromide 
[D(C)TAB]. The effect of PsaE on Ed reduction was monitored by the decay kinetics ofP700^, as the 
lack of Ed reduction results in the relatively rapid recombination between PyOO*^ and P430“, with a decay 
time of 30-40 ms, compared to the much longer decay time when P430 , or [FeS-A/B]", transfers its 
electron to Ed instead. It was found that after treatment with either cationic detergent, -75% ofP700^ in 
the PS-I complex recombines with P430~, or [FeS-A/B]”. Reconstitution of the extracted PS-I complex 
with PsaE re-establishes electron transfer from [FeS-A/B]”^ to Ed, as assayed by P700 kinetics, and the 
degree of restoration of the original kinetics correlates with the amount of PsaE that is bound to the 
complex, indicating that the presence of PsaE in the PS-I complex is needed for efficient interaction 
between [FeS-A/B]“ and Ed. 

Chitnis, Reilly and Nelson"^® obtained a mutant of Synechocystis sp. PCC 6803 that is devoid of PsaE 
and, although incapable of autotrophic growth, can grow normally in the presence of glucose. The PS-I 
RC complex prepared from this mutant could not photoreduce Ed but could mediate electron transfer 
from plastocyanin to artificial electron acceptors such as methyl viologen. Thus PsaE is demonstrated to 
promote and enhance the electron transfer between [EeS-A/B] and Ed. 

With respect to the requirement ofPsaD and PsaE in Ed reduction, one may recall the previous discus- 
sion ofthe work ofGolbeck, Mehari, Parrett and Ikegami"^^ and the subsequent work ofEi, Zhao, War- 
ren, Warden, Bryant and Golbeck"^^ in Chapter 3 1 which demonstrated that the PS-I heterodimer recon- 
stituted with PsaE and the the EeS cluster is facilitated by the presence of PsaD and PsaE. These findings 
are consistent with the requirement of these subunits for Ed reduction. 

We conclude this section with the results presented in Eig. 18 showing the effect ofthe deletion of 
either PsaD or PsaE on Ed reduction in PS I, as assayed by the direct flash-spectrophotometric tech- 
niques described above. Pigs. 1 8 (A) and (C) show results reported by Hanley, Setif, Bottin and Eagoutte'*^ 
with PS-I particles prepared from wild-type Synechocystis sp. PCC 6803 and a PsaD-deletion mutant. 
Signals in the upper panel show that with the wild-type PS-I complex, the 820-nm decay kinetics in the 
absence and in the presence of Ed are, as expected, very similar to those shown in Pig. 17 (A) and that in 
the PsaD-deletion PS-I complex, recombination in P700'^’[FeS-A/B]"/(P430') is nearly unaffected. Upon 
adding Ed, the decay kinetics indicates that in a very small fraction of centers recombination still occurs. 
In the PsaD-deletion complex, additional ms- and /is-signals can be observed; the m^-signal is attributed 
to P700^ 'FeS-X”recombination; the /^-signal is ascribed to antenna-triplet signal, which may be elimi- 
nated by using a nonsaturating flash for excitation. 

Absorbance changes of Ed reduction itself are shown in Pig. 18 (C). The 580-nm signal for the wild- 
type complex consists of three first-order phases with 6/, of 500 ns, 20 and 100 jJS, respectively. The 
differential signal (A[AA]) here represents the difference between signals in the presence and in the 
absnece ofPd. In the PS-I complex from the PsaD-deletion Synechocystis mutant, the first-order decay 
kinetics are no longer observed even at 8 pM Ed concentration. Apparently, a significant amount of 
affinity for Ed is lost when PsaD is absent from the PS-I complex. Attempts to restore Pd-reduction 
activity by re-addition of purified PsaD and a saturating amount of Ed yielded -80% of the signal ob- 
served with the wild-type complex. The loss of -20% may be attributed to some irreparable impairment 
in the PsaD-deletion mutant reaction center. 
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A similar spectrophotometric measurement on a PsaE-deletion mutant of Synechocystis was reported 
by Rousseau, Setif and Lagoutte"^"*. Measurements made at 820 and 480 nm with PS-I complexes pre- 
pared from wild-type and PsaE-deletion mutant Synechocystis are shown in Eig. 18 (B) and (D). The 
820-nm decay kinetics ofthe PS-I complexes in the absence and in the presence ofEd shown in panel (B) 
are similar to those shown in Pig. 1 8 (A). The rapid recombination phase in the absence of Ed amounted 
to ~45 and -30% ofthe total change in the wild-type and PsaE-deletion mutant complexes, respectively, 
and the remaining decay was ascribed to P700* reduced by the artificial secondary donor (reduced DCIP) 
present in the medium. In the presence ofPd, [FeS-A/B]' is prevented from recombining with P700^, 
and the 820-nm decay kinetics in both wild-type and PsaE-deletion mutant appear nearly the same. 

Ed reduction measured at 480 nm for the wild-type and PsaE-deletion mutant complexes are shown in 
Pig. 18 (D). As described earlier, the rapid absorbance increase in the wild type at the moment of excita- 
tion is due to P700— >P700 and its decay is little affected by the P430~kinetics at this wavelength. Upon 
addition of Ed to the wild-type complex, a significantly accelerated decay occurs, the magnitude of 
which is estimated to correspond to 40% ofthe expected electron transfer from [FeS-A/B]~to Ed. In the 
PsaE-deletion mutant, the decay kinetics at 480 nm differs little in the absence or presence of Ed. Rousseau 
et al.'^ reconstituted the PsaE-deletion mutant with purified PsaE polypeptide from Synechocystis and 
spinach, and observed kinetics corresponding to the rapid reduction of Ed [see Pig. 18, panel (D)]. 



(A) 



Synechocystis sp. PCC 6803 r plus Fd: (+Fdi: minus Fd: t-Fdl ] 
wild-type PsaD-deletion wild-type PsaE-deletion (B) 




Fig. 18. Flasti-induced absorbance changes in PS-I complexes of wild-type and PsaD-deletion mutant (A, C) and wild-type and 
PsaE-deletion mutant (B, D) of Synechocystis sp. PCC 6803. Absorbance-change kinetics are measured at 620 nm (A and B), 
580 nm (C) or 480 nm (D). Each measurement was performed in the absence and in the presence of Fd. Figure source: (A and C) 
Hanley, S6tif, Bottin and Lagoutte (1 996) Mutagenesis of photosystem I in the region offerredoxin cross-linking site: Modification 
of positively charged amino acids. Biochemistry 35: p. 8567; (B and D) Rousseau, S6tif and Lagoutte (1992) Evidence for the 
involvement of PSI-E subunitin the reduction offerredoxin by photosystem I. EMBO J 12: 1758, 1759. 
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III. Ferredoxin-NADP* Reductase (FNR) 

II. A. Structure and Properties 

Ferredoxin-NADP"^ reductase (FNR) is a flavin-adenine-dinucleotide (FAD)-containing enzyme 
complexed to the thylakoid membrane that catalyzes electron transfer from two equivalents of ferre- 
doxin to one molecule of NADP"^, i.e. 

2Fd (red) + NADP* + H" ^ 2Fd (ox) + NADPH. 

FNR is an acidic protein with pi in the 5-6 range, and has one bound FAD prosthetic group per molecule. 
Spinach FNR, with molecular weight of 37 kDa, was crystallized by Shin, Tagawa and Arnon"^^ in 1963. 

FNR in the oxidized state has an absorption spectrum typical ofFAD with peaks at 275, 385 and 456 
nm, as shown in Fig. 19 (solid curve) withE456nn,= 10.4 mM''cm'’. Under anaerobic conditions, NADPH 
can reduce FAD quantitatively to the neutral semiquinone. The absorption spectrum of the FNR semi- 
quinone, shown in Fig. 19 (dot-dashed curve), was obtained in a series of stopped-flow reactions by 
monitoring the fast oxidation ofdithionite-reduced FNR (dashed spectrum) by ferricyanide. Full reduc- 
tion by dithionite eliminates most of its absorption in the visible region. 




Fig. 19. Absorption spectra of ferredoxin-NADP'-reductase in 
the oxidized {solid curve), semiquinone (dot-dashed curve) and 
reduced (dashed-curve) forms. Figure source: Batie and Kamin 
(1984) Electron transfer by ferredoxin-NADP*- reductase. J Biol 
Chem 259: 11978. 



The redox potential of FNR( semiquinone or “sq”)/FNR is estimated to be — 380 mV, intermediate 
between that of Fd (-420 mV) and NADP^ (-320 mV). FNR can also catalyze the reduction of other 
compounds, such as FeCy, cytochromes, plastocyanin, etc. by NADPH: NADPH+H^+A(ox) 
NADP^+AH2(red). 

The three-dimensional structure of spinach FNR was determined by Karplus and coworkers by X-ray 
crystallography at 2.6 A resolution"^®, later refined to 1.7 A stereogram of FNR is shown in Fig. 20. 
(The first 19 residues are disordered and therefore not visible in the electron-density map). Interestingly, 
FNR with the first 21 residues removed by proteolysis still possesses full enzymatic activity. 

The FNR molecule from residue 20 to the carboxyl terminus at residue 314 consists of two domains, 
as shown by the diagram in the lower part of Fig. 20. The FAD-binding domain is an antiparallel, (3- 
barrel with a peripheral, two-stranded, antiparallel “hair-pin,” which leads to an a-he)ix containing 8 
residues. The FAD prosthetic group is bound in an extended conformation with the flavin inserted into 
the protein at the domain boundary. The top of the barrel is capped by polypeptide residues 98-108 and 
65-75; the bottom is covered by segments 131-137. The binding of FAD in the protein is strong, with a 
dissociation constant of Kd=3.4xl0~^ M. Protein-flavin interactions can modify the properties to allow 
control of one-electron and two-electron transfers. 
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The two-domain, structural motif in FNR represents a common structural feature in a large class of 
enzymes that catalyze electron transfer between a nicotinamide dinucleotide molecule and a one-elec- 
tron carrier. Beside the photosynthetic electron-transfer enzyme, others non-photosynthetic ones include 
flavodoxin reductase, sulfite reductase, nitrate reductase, cytochrome reductase, and NADPH-cyto- 
chrome P450 reductase. FNR belongs to the group of so-called “dehydrogenases-electron transferases,” 
i.e., flavoproteins that catalyze electron transfer from two, one-electron donor molecules to a single two- 
electron acceptor molecule. 

The binding of N ADP^to FNR has previously been established on the basis of spectroscopic evidence. 
Crystal-structure information has identified the central, five-strand, parallel P-pleated sheet plus the six 
helices as the NADP^ binding domain (see Fig. 20, bottom). The distance between the nicotinamide (C4) 
and flavin (N5) has been estimated as 3.0 to 3.2 A, a plausible value for direct hydride transfer from 
flavin to NADP'^. Experiments with the binding of the competitive inhibitor 2'-phospho-5'-AMP (abbre- 
viated as 2'-P-AMP), which is a part ofNADP*, has helped to locate the NADP*” binding site at the 
carboxy terminal edge of the sheet. Each of the domains for binding EAD and NADP"^ is a compact 
structure binding the bulk ofthe respective dinucleotide, but each dinucleotide also interacts with some 
residues from the other domain. The two domains have extensive contact surfaces and are probably not 
functionally separable. 




Front face Back face 





FAD 

domain 



NADP 

domain ’ 



Fig. 20. Top; stereogram of the three-dimensional structure of spinach Fd NADP* reductase (FNR) with the p-strands shown as 
arrows, the a-helices as spirals, and FAD and 2'-phospho-5'-AMP as ball-and-stick models; Bottom: topological diagram for FNR, 
with the p-strands shown as arrows, and the a-helices as rectangles. Figure source: Karplus and Bruns (1994) Structure-function 
relations for ferredoxin reductase. J Bioenerg Biomembr 26: 92 and Karplus, Daniels and Herriotf (1991) Atomic structure of 
ferredoxin-NADP* reductase: Prototype fora structurally novel fiavoenzyme family. Science 251: 62. 
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For some time, however, no model for the structure of FNR structure with a “productive” geometry for 
flavin-nicotinamide interaction was forthcoming. This failure was apparently due to a requirement for 
an energetically unfavorable displacement of the side chain of a C-terminal tyrosine residue in FNR to 
accommodate NADP'^. Karpins and coworkers recently developed a new hypothesis in which it is as- 
sumed that while the 2 -P-AMP part of NADP may bind tightly in FNR, binding of the nicotinamide- 
mononucleotide (NMN) portion requires some structural rearrangement to move a nearby C-terminal 
residue (a tyrosine) in order to make way for the nicotinamide ring. The energetic cost of displacing the 
tyrosine residue appears to outweigh the energetic gain due to nicotinamide binding and, consequently, 
the NMN part is largely disordered in the wild-type FNR. Recently Deng, Aliverti, Zanetti, Arakaki, 
Ottado, Orellano, Calcaterra, Carrillo and Karplus"^* used mutant FNR from pea chloroplasts where the 
tyrosine (Y308) is replaced by serine or tryptophan. Replacement ofthe C-terminal tyrosine apparently 
makes the thermodynamics of NMN binding more favorable, as confirmed by reported structures which 
reveal a productive binding of NADP 'and NADPH in the active site of FNR. A ribbon diagram of the 
pea FNR Y308->S-NADP''’ is shown in Color Plate 13. Further details of the nicotinamide binding site in 
the Y308->S'NADP^ complex are given in Fig. 21. 

The absorption spectrum of FNR-NADP* in the productive-binding mode shows a strong red shift. 
Spectral bands typical of charge-transfer complexes between flavin and NADPH are observed after 
photoreduction ofthe mutant complex. The bound ligand can be displaced by the competitive inhibitor 
2'-P-AMP and collected by gel filtration and identified spectrophotometrically as NADP''. After re- 
moval ofNADP”the absorption spectrum ofY308->S became similar to that ofthe wild-type enzyme. 
Utilizing information regarding spectral characteristics due to nicotinamide-flavin interaction, it has 
been estimated that, assuming the occupancy in Y308->S is 100%, those ofthe Y308->W and wild-type 
enzymes correspond to only 35% and 10%, respectively. 




Fig. 21. stereogram of the nicotinamide binding site in the FNR(Y308-+S) NADP’ complex. For clarity, only the isoalloxanzine and 
the ribityl portion of FAD and the nicotinamide mononucleotide portion Of NADP* are shown. Figure source: Deng, Aliverti, Zanetti, 
Arakaki, Ottado, Orellano, Calcaterra, Ceccarelli, Carrillo and Karplus (1999) A productive NADP" binding mode of ferredoxin- 
NADP" reductase revealed by protein engineering and crystallographic studies. Nature Structural Biology 6: 848 
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Y308-^S FNR with or without the addition of NADP'^ can he crystallized as isomorphous crystals. 
Electron-density maps shows a strong density for a complete NADP^, confirming that NADP^ is a 
copurified ligand. Karplus and coworkers also concluded that Tyr-308 affects the thermodynamics of 
nicotinamide binding, hut does not appear to play an active role in influencing the conformation or 
reactivity of the hound nicotinamide. 

It is known that FNR forms a 1:1 complex with Fd in solution, as well as when FNR is hound to the 
membrane. However, dissociation of the flavoprotein from the membrane results in a substantial de- 
crease in the affinity of the enzyme for Fd. No crystallographic data are yet available for the FNR-Fd 
complex but from known crystal- structure information on FNR, it was suggested by P. Andrew Karplus 
that Fd could bind on one face of the flavin when its iron-sulfur cluster approaches the C7a and C8a 
atoms of the dimethylbenzyl portion of the flavin. The graphic representation in Fig. 20 shows a plau- 
sible orientation for a favorable interaction of the two proteins. 

The integrity of the FNR-Fd complex is very sensitive to ionic strength, suggesting that the forces 
responsible for binding are primarily electrostatic in nature, presumably between the large number of 
acidic residues on Fd and the positive groups on FNR. Various chemical-modification and cross-linking 
studies have implicated the aspartic-acid and glutamic-acid residues of Fd and the lysine and arginine 
residues in FNR as responsible for binding in the docking operation. The dashed lines in Fig. 22 indicate 
the direction of approach during docking. It is known that the in vitro redox potentials of FNR and Fd are 
shifted by -1-25 mV and -80 mV, respectively, in the complex, thus further facilitating the catalyzed 
electron transfer. 



94-96 



304-305. 




304-305 




94-96 



Fig. 22. Stereogram of a plausible orientation for interaction between Fd (top) and Fd NADP* reductase. The Fd molecule is 
translated upward by about 10 A above FNR for clarity. Figure source; Karplus and Bruns (1994) Strvcture-function relations for 
ferredoxin reductase. J Bioenerg Biomembr 26: 96. 



III.B. The Ferredoxin -NADP* -Reductase Catalytic Cycle 

Extensive kinetic measurements by Batie and Kamin"^^ have led to a catalytic-cycle scheme for elec- 
tron transfer from Fd to NADP^ via FNR. The presence ofNADP'^, in addition to acting as an electron 
acceptor, apparently enhances the rate of electron transfer from Fd to FNR, thus implicating a ternary 
complex Fd’FNR'NADP'^ as the catalytic intermediate. The scheme for electron transfer from Fd to 
NADP^ via FNR is shown in the catalytic cycle in Fig. 23. The scheme consists of the following steps: 
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(1) NADP^ and FNR form the binary complex FNR'NADP^. 

(2) Reduced Fd (red) binds to the binary complex to form the ternary complex. 

(3) In the ternary complex Fd (red) passes an electron to FNR forming FNR (sq). A proton is taken 
up from the solvent for the formation of the neutral semiquinone. The redox potential of the in- 
dividual, isolated components [i.e., -430 mV for FNR(sq)/FNR and -420 mV for Fd(red)/Fd(ox)] 
would suggest a nearly equilibrium distribution between the respective redox states, but in actu- 
ality, the redox potential ofFd is shifted to between ~ -440 to -500 mV, thus facilitating the trans- 
fer. In the absence ofFd (ox), transfer is very fast, being complete within 3 ms. 

(4) The resulting Fd (ox) is released from the complex. The release of oxidized Fd from the Fd (ox)- 
FNR (sq)-NADP'^ is the slowest and thus the rate-limiting step. Its release from the semiquinone 
is facilitated by the presence of NADP'^. 

(5) Another Fd (red) replaces the released Fd (ox). 

(6) In the new ternary complex, Fd (red) transfers an electron to the FNR (sq) to form the fully re- 
duced FNR^'. As the redox potential of [FNR^7FNR(Sq)] is -330 mV, this reaction is greatly 
favored. During this step, another proton is also taken up from the solvent. 

(7) Now FNR transfers two electrons to NADP* in the form ofhydride ion ([H:]") to form NADPH. 

(8) Finally, both NADPH and Fd are released, and a new cycle begins. 
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Fig. 23. Scheme for the mechanism of the 
FNR catalytic cycle. Figure adapted from 
Batie and Kamin (1984) Electron transfer by 
ferredoxirt'NADP' 'reductase. J Biol Chem 
259: 11983. 



The presence of NADP^ enhances the rate of FNR semiquinone reduction to dihydroquinone by Fd 
(red). In the meantime, the presence ofFd stimulates electron transfer from FNR^“ to NADP^. 
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The cytochrome complex (abbreviated as Cyt bj " or simply b^ is an integral membrane protein, 
which acts as a redox component interconnecting the two photosystems and plays an active role in 
electron transport and proton translocation. It consists of four major protein subunits, three of which are 
electron carriers: cytochrome cytochrome /and an FeS-protein. The fourth polypeptide called “sub- 

unit IV” has no redox cofactors; it is known to serve as the oxidizing plastoquinone binding site called 
“Qo” oi" “Oo’/see Section III. A. below). Three low molecular mass products of the pelG, pelL and pelM 
genes have also been found in the b ^ complex but their functions are as yet unknown. Plastoquinol, 
formed by reduction of plastoquinone by PS II, transfers its electrons to PS I by way of b^ and plastocya- 
nin (PC) in a noncyclic, or linear, pathway as shown in Fig. 1 (A). In recognition of this role Cyt bs/has 
also been called “plastoquinol-plastocyanin-oxidoreductase” or, as in the case of some cyanobacteria, 
“plastoquinol-cy tochrome c-oxidoreductase” : 

PQHz + 2 PC (Cu^O / 2 Cyt c (Fe^^) -v PQ + 2 PC(CuO / 2 Cyt c (Fe^O + 2 

Cytochrome b(J also serves as an intermediate in a non-linear, or so-called cyclic, electron-transport 
pathway around PS I, as formulated in Fig. 1 (B). A third function of Cyt b(f is translocation of protons 
across the thylakoid membrane during electron transfer from plastoquinol to plastocyanin [Fig. 1 (C)]. 
The unique effects resulting from electron transport and proton translocation in the cytochrome b(f 
complex are the production of an electrochemical potential and a pH gradient across the thylakoid mem- 
brane to provide energy in a form needed for ATP synthesis (see the following chapter). 

Cytochrome b(J~ is homologous to the cytochrome-bci complex (also called “complex III”) of photo- 
synthetic bacteria and mitochondria, in structure as well as function. Although the respiratory electron 
flow in mitochondrial cytochrome bc\ is a reversal of that occurring in chloroplast photosynthesis, the 
cytochrome-bC| complex of photosynthetic bacteria serves a similar function in transferring electrons 
from reduced quinone to a c-type cytochrome. Thus the label “ubiquinol-cytochrome cpoxidoreduc- 
tase” has been applied to Cyt-bcj. The similarity among these ubiquitous cytochrome complexes in the 
energy-transducing membranes ofchloroplasts, photosynthetic bacteria and mitochondria, as illustrated 
below, led to their collective designation as the “cytochrome-bc complex.” In the direction of electron 
transfer, we thus have: 
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Chloroplasts: 
Purple bacteria: 
Mitochondria: 



[PS II] -> PQ [hj] PC -» [PS I]; 

[PEA-X] UQ -> [bCi] -> Cyt-C2 [PED-P870]; 
[NADH-deH 2 ase] -> UQ [6c,] — > Cyt-c [cytochrome oxidase] 



where PED, PEA and deHjase represent the primary electron donor, primary electron acceptor and 
dehydrogenase, respectively. 




(C) translocation (Q cycle) 



Fig. 1. The location and relationship of cytochrome complex with respect to photosystems I and II and the three major functions 
of Cyt f>of [(A), (B) and (C)] in oxygenic photosynthesis. The stroma and lumen sides are also represented by n (negative) and p 
(positive) to indicate that protons are pumped from the n- to the p-side, or the sign of pn+ generated during H* translocation. 



I. Topology of Cytochrome b/and Structure of its Subunits 

A functional cytochrome-ft^/^ complex containing the four major subunits is shown by the model in 
Fig. 2 (A). The four major subunits are: Cyt (or simply 6g) containing 214 amino-acid residues with 
a molecular mass of 24,038 Da, a “subunit FV” containing 159 amino-acid residues with a molecular 
mass of 17,444 Da, Cyt/ (or simply/) with molecular mass of 31,372 Da (285 residues), and an iron- 
sulfur protein known as the “Rieske iron-sulfur protein” (abbreviated as R-ISP) with molecular mass of 
18,922 Da and containing 178 amino-acid residues. The topological arrangement of the four subunits of 
b^ in the membrane is shown in Fig. 2 (B), where simple Ca line tracings derived from the known 
primary structure and hydropathy profiles are used to represent the components. The relationship be- 
tween Cyt be and subunit IV are discussed in Section LA. Cyt 6^ contains four major transmembrane 
helices and two 6-hemes which also span the membrane. In Cyt /only the single, hydrophobic helix 
spans the membrane. The R-ISP is anchored by the hydrophobic N-terminal portion of the molecule, 
with the remainder of the molecule containing the FeS cluster situated largely in the aqueous domain. As 
illustrated by the densitometric scan of an SDS-PAGE gel in Fig. 2 (C), the purified Cy\-b(f complex 
isolated from spinach chloroplasts shows four polypeptide subunits with molecular masses correspond- 
ing to the values described above. Of the individual components, Cyt bf, and subunit IV are the most 
hydrophobic, Cyt /is less, and R-ISP the least. 
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Chapter 35 The Cytochrome-bef and -bci Complexes 

Cytochromes / ( ‘f” from Latin “frons” for leaf) and were discovered almost half a century ago by 
Hill and Scarisbrick* and by HilP, respectively. In fact, the redox behavior of these chloroplast cyto- 
chromes led Robin Hill and Fay Bendall^ to formulate the so-called “Z-scheme” for oxygenic photosyn- 
thesis. In 1972, Nelson and Neumann‘S isolated a partially purified complex from a digitonin-fraction- 
ated PS-I particle obtained from lettuce chloroplasts. The complex was found to contain Cyt/, Cyt bg and 
non-heme iron, which led the authors to note its similarity to the Cyt-6ci complex (i.e., complex III) of 
mitochondria. In 1975 Sugahara, Shaw and this author^ isolated a complex from spinach TSF-I particles 
and by investigation of its spectroscopic and EPR properties, showed that it also contained Cyt /, Cyt 65 
and nonheme iron, consistent with its being a b^ complex. The fraction also displayed a distinct EPR 
signal characteristic of a copper protein, apparently due to plastocyanin co-precipitated during fraction- 
ation. 

The presence of an iron-sulfur protein in the mitochondrial Cyt-bc, complex was discovered by Rieske, 
Zaugg and Hansen® in 1964 from its low-temperature EPR spectrum characteristic of reduced [2Ee»2S] 
with aprominentpeakwithag-value near 1.90. This iron- sulfur protein has since been called the “Rieske 
iron-sulfur protein,” which we will abbreviate as R-ISP or R-[2Ee»2S]. Because of its unique spectro- 
scopic properties, R-[2Ee»2S] in the mitochondrial Cyt he, complex has been used as a diagnostic pro- 
tein for characterizing the cytochrome-AC| complexes. The subsequent discovery of an R-[2Ee»2S] in the 







Fig. 2. (A) A model for in chloroplast thylakoid membrane; (B) T opological arrangement of the four subunits of the purified Cyt 
complex; (C) A densitometric scan of an SDS-PAGE gel for b/. (B) from Hauska, SchOtz and BCittner (1996) The cytochrome 
b,f complex - composition, structure and function. In. DR Ort and CF Yocum (eds) Oxygenic Photosynthesis - The Light Reac- 
tions, p 384. Kluwer; (C) from Black, Widger and Cramer (1987) Large-scale purification of active cytochrome b^f complex from 
spinach chloroplasts. Arch Biochem Biophys 252; 657. 
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photosynthetic bacterial Cyt- 6 C| complex by Prince, Lindsey and Dutton’ and in the chloroplast Cyt- 
b^f complex by Malkin and Aparicio^ established the essentially identical subunit composition of be 
complexes from varied sources. During the early 1980s, Hauska and colleagues isolated and character- 
ized the Cyt complex from both the chloroplast membrane^, and from cyanobacteria'°, as well as the 
Cyt bC] complex from photosynthetic bacteria^*, and found the electron-transfer role played by the com- 
plexes in different organisms. The pioneering work of Gunter Hauska and colleagues firmly established 
the role of this universal component in energy-transducing membranes^’ 

In 1985, Chain'’ reported that the Cyt bc\ complex can be resolved into two forms, one monomeric 
and the other a dimeric form, by sucrose-density-gradient centrifugation. Subsequently, Chain and Malkin'’ 
showed that by incorporating each of these forms into phospholipid vesicles only the dimeric form 
shows uncoupler-sensitive electron-transfer, suggesting that the dimeric b^ complex is probably the 
functional enzyme. A comparable active dimeric form had also been found in the purified mitochondrial 
and photosynthetic bacterial CyX-bci complexes'^’. 

/. A. Cytochrome be and Subunit IV 

In the bCf complex of mitochondria or photosynthetic bacteria, only 3 protein subunits are present, 
namely a 40-kDa Cyt b encoded by a single gene and containing 380 amino acids, a 30-kDa c-type 
cytochrome, and a 20-kDa R-ISP. In bc^, two fe-type hemes are bound to the single Cytb. Comparing the 
amino acid composition of Cyt b and those of the chloroplast Cyt be and subunit IV in higher plants or 
cyanobacteria, it becomes apparent that the single Cyt-b gene in mitochondria has been split into two 
genes giving rise to two gene products, Cyt be and subunit IV in chloroplasts and cyanobacteria, with the 
portion at the N-terminus in the original Cyt b now corresponding to Cyt be and that at the C-terminus to 
subunit IV, as illustrated by the topological model in Fig. 3 (A). From the hydropathy plot, Cyt 65 and 
subunit IV were originally conceived as consisting of five and three transmembrane helices, respec- 
tively. Although the region corresponding to helix-IV is still considered to consist of three membrane 
helices [see Fig. 3 (A)]. Analysis of Cyt 6 ,/ complexes of a number of photosynthetic organisms has 
shown conservation ofthese subunits, i.e., + IV]. The Cyt-Z>^ molecule contains two ^-hemes [see 

Figs. 3 (A) and (C)j, which are non-covalently coordinated by two axial ligand pairs formed by four 
highly conserved histidine residues present in transmembrane helices II and IV. As shown in Fig. 3 (C), 
the heme of the low-potential Cyt be (near the p or, lumen, side) is coordinated with His-85 and His- 186, 
and that of the high-potential Cyt be (near the n or, stromal, side) with His-99 and His-201. These 
residues are also marked in the membrane-spanning model in Fig. 3 (D). Subunit IV lacks the residues of 
helix Vin [shown by the dashed segment in Fig. 3 (A)] found in Cyt b, and has no conserved histidines. 
Subunit IV is therefore not involved in binding hemes, but is instead probably involved in an oxidizing 
plastoquinone binding site in chloroplast membranes. 

As seen below, the two 6 -hemes differ in their redox potentials by more than 100 mV, with that ofthe 
heme near the n-side being at -3 mV and that ofthe heme near the p-side being -146 mV at pH 7, as 
initially reported by Hurt and Hauska''' for Cyt be isolated from spinach. However, they have more 
recently been determined by Kramer and Crofts'’ to be -45 and -150 mV, respectively. These two hemes, 
one high-potential and other low-potential, were originally regarded as evidence for two different “cyto- 
chromes,” namely Cyt be (HP) and Cyt be (LP), respectively. Cyt be (HP) and Cyt be (LP) are spectrally 
distinguishable, as will be shown in section II below. The two pairs ofheme ligands in Cyt be, as well as 
subunit IV itself, provide binding sites for quinones on the opposite sides ofthe membrane, the two sites 
designated as Q„ and Qp, respectively, corresponding to their proximity to the n and p sides of the 
membrane. The Q„ and Qp binding sites will be discussed below in conjunction with the quinone- or 
Q-cycle mechanism of Peter Mitchell''’. 
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Fig. 3. Spinach cytochrome b^: (A) Topological model for Cyt b^ and subunit IV; (B) Hydropathy plot for Cyt 6^; (C) A column model 
for axial coordination of the two h-hemes with the four histidine residues on helices II and IV of Cyt h,; (D) Membrane-spanning 
model for Cyt bj and subunit IV. See text for discussion, (B) from Cramer, Wldger, Herrmann and Trebst (1985) Topography and 
function ofthylakoid membrane proteins. Trends Biochem Sci 10: 126; (D) from Cramer, Martinez, Huang, Tae, Everly, Heymann, 
Cheng, Baker and Smith (1994) Structural aspects of the cytochrome b,f complex-, structure of the lumen-side domain of cyto- 
chrome f. J Bioenerg Biomembr 26: 38. 



I.B. The Rieske Iron-Sulfur Protein (R-ISP or R-[2Fe 2S]) 

The Rieske iron-sulfur protein is an ubiquitous electron-transfer component common to many redox 
systems, including all Cyt-6c| and CyX-bJ' complexes. The major function of R-[2Fe»2S] in the chloro- 
plast electron-transport chain is to facilitate the oxidation of plastoquinol by Cyt/. Like other iron-sulfur 
proteins, it does not have any prominent oxidized-minus-reduced difference absorbance bands in the 
visible region. In the oxidized state it consists of two antiferromagnetically coupled high-spin ferric 
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irons and is therefore diamagnetic. In the reduced state, one iron ligated to histidines becomes a high- 
spin ferrous iron, the protein has an EPR spectrum with a prominent feature at gy=l .89 plus detectable 
signals atgx~l-78-1.81 and g^~2.0 1-2.05. Since the redox state of R-[2Fe»2S] is sensitive to the presence 
of inhibitors and to the nature of the species occupying the quinone-binding site, its EPR signal can be 
used as diagnostic tool for electron transport. For instance, the quinone analog DBMIB which blocks 
quinol oxidation by lowering the redox potential of R-[2Fe»2S] also shifts the value ofthegy=l .90 signal 
to 1.94. 

Of the four subunits of b(f, only R-ISP is nuclear encoded. The complete amino-acid sequence for the 
R-[2Fe»2S] in spinach was first reported by Steppuhn, Rother, Hermans, Salnikow, Hauska and 
Herrmann*^, based on the analysis of its cDNA. The spinach protein was found to contain 179 amino 
acids with a molecular weight of 18,800 Da. The Rieske iron-sulfur protein from the cyanobacterium 
Nostoc was found to have a molecular weight of 19,200 Da with an amino-acid sequence which is 60% 
identical to that of the spinach chloroplast protein*’. Amino-acid sequences are known for about 20 
Rieske iron-sulfur proteins from a variety of sources. Hydropathy profiles for the Rieske iron-sulfur 
proteins of mitochondria, photosynthetic bacteria, cyanobacteria and green plants are all quite similar to 
one another and suggest the presence of a single hydrophobic membrane-spanning segment [for in- 
stance, Leu-21 to Ile-43 in Nostoc, see Fig. 4 (B)] located near the N-terminus acting as an anchor lodged 
in the membrane. There are two additional short helices embedded or partially embedded in the mem- 
brane, plus one located in the aqueous domain. 

One characteristic feature of the amino-acid sequence of the R-[2Fe»2S] is the presence of two strictly 
conserved hexapeptides in the C-terminal region, namely, Cys(108)-Thr-His-Leu-Gly-Cys(113) and 
Cys(126)-Pro-Cys-His-Gly-Ser(131) [see Fig. 4 (B)]. Unlike low-potential iron-sulfur proteins whose 
iron atoms are ligated only to sulfur in cysteine residues, the iron atoms in R-[2Fe»2S] are ligated to both 
cysteine and histidine. Evidence for N-coordination to the Fe atom in the R-[2Fe»2S] clusters became 
available in the mid-1980s for Thermus thermophilus and phthalate dioxygenase of Pseudomonas^^ and 
for the yeast mitochondrial complex III*^. A ball-and-stick model for the coordination ofthe R-[2Fe»2S] 
cluster is shown in the inset of Fig. 4 (B). The involvement of two cysteine and two histidine residues in 
the coordination ofthe R-[2Fe»2S] cluster is not only supported by early MoBbauer measurements’**, but 
also by various subsequent EPR spectroscopic analyses, including ESEEM’*, ENDOR”, and resonance- 
Ramau23 measurements, and the more recent, direct X-ray crystallographic studies’"*’’^. Note that 
although each ofthe conserved hexapeptides contains two cysteines, only one from each hexapeptide is 
used for iron ligation. However, site-directed mutagenesis studies indicate that a functional R-[2Fe»2S] 
requires the presence of all four cysteine residues’^. The reason for this requirement is now understood in 
terms ofthe three-dimensional structure as discussed below. 

The Rieske ISPs have distinctly positive redox potentials, ranging from 290 to 320 mV for the spinach 
protein. This is about 700 mV more positive than value reported for the soluble [2Fe»2S] ferredoxins of 
plants and photosynthetic bacteria. Ligation with the more electro-negative histidines is considered to 
contribute to the high redox potential of the Rieske iron-sulfur proteins. As in most Rieske iron-sulfur 
proteins, the redox potential is constant below pH 8 but decreases 60-80 mV per pH unit above pH 8. The 
pH dependence of the redox potential indicates two alkaline pK values, which likely result from redox- 
dependent protonation and deprotonation involving the histidine ligands. 

Three-dimensional structure of a mitochondrial R-f2Fe*2Sl : In 1996, Iwata, Saynovits, Link and 
Michel’"* determined the three-dimensional structure of a mitochondrial R-[2Fe»2S] at 1.5 A resolution. 
The specimen used for the measurement was a truncated protein ‘fragment’ containing only residues 
from #68 to #196. The fragment was isolated by proteolytic digestion ofthe mature Rieske protein ofthe 
Cyt bc^ complex of bovine heart mitochondria and then subsequently crystallized’^. The fragment lacks 
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Fig. 4. Rieske iron-sulfur protein; (A) Thylakoid membrane showing the location of the Rieske iron-sulfur center; (B) The mem- 
brane-spanning model of the Nostoc Rieske iron-sulfur protein; inset shows the stick-and-ball model for ligation of the [2Fe*2S] 
cluster; (C) Stereogram of the three-dimensional structure of the Rieske iron-sulfur-protein "fragment" from bovine heart mito- 
chondrial complex III, as shown by a Ca tracing of the backbone of the molecular fragment. The p-1 strand starts at right, followed 
by those of increasing numerical order with increasingly dark shading: every 10th amino-acid residue is numbered and indicated 
by a dot. Figure source; (8) T Kallas (1 994) The cytochrome b^f complex. In; DA Bryant (ed) The Molecular Biology of Cyanobacteria, 
p273. Kluwer; (C) Iwata, Saynovits, Link and Michel (1996) Structure of a water soluble fragment of the 'Rieske' iron-sulfur protein 
of the bovine heart mitochondrial cytochrome be, complex determined by MAD phasing at 1.5 A resolution. Structure 4; 570. 
Crystal structures of (A) bovine-heart mitochondrial and (B) spinach chloroplast R-ISPs are shown in Color Plate 14. 
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the N-terminal hydrophobic membrane-anchor portion but contains the intact [2Fe»2S] cluster. Its redox 
potential is nearly identical to the intact Rieske center of the bc^ complex and so are most of its spectro- 
scopic properties. 

The Rieske-protein fragment is an oblate spheroidal molecule measuring 40x45x25 A^. As shown in 
the stereogram in Fig. 4 (C), the molecule consists of three sheets of anti-parallel (3-strands, with P- 
sheet-1 consisting of P-1, -9 and -10 strands; P-sheet-2 of (3-2, -3, and -4 strands, and p-sheet-3 of p-5, 
-6, -7, and -8 strands. The p-sheets and strands may be visualized from the stereogram of the three- 
dimensional Ca structure shown in Fig. 4 (C). A front view of two Rieske ISPs, one from bovine-heart 
mitochondria and one from spinach chloroplasts, are shown in Color Plate 14 (A) and (B), where the 
three layers of antiparallel P-sheets can be seen even more easily. 

The ligands for the two iron atoms are located in the loops between P-4/P-5 [Cys-139 and His- 141] 
and p-6/p-7 [Cys-158 and His-161], near the tip ofthe fold in Fig. 4 (C) [note that the residue numbers 
in the mitochondrial R-[2Fe»2S] differ from those in the Nostoc Rieske protein shown in Fig. 4 (B)]. 
Thus, Cys-139 and Cys-158 coordinate with one iron and His-141 and His-161 coordinate to the second 
iron. The tip location of the FeS cluster allows close contact with Cyt b, which together with the 
R-[2Fe»2S] cluster provides a ‘pocket’ where hydroquinone oxidation can occur. 

Note that each of the P-4/P-5 and P-6/P-7 loops also have one additional cysteine residue, namely, 
Cys-144 and Cys-160. These two cysteines, which are located near the tip, form a disulfide bond that 
connects and stabilizes the two loops. These structural results demonstrate the rationale for the strict 
conservation of all four cysteines in the two hexapeptides, and that replacement of any ofthe four ligand 
residues can lead to a loss ofthe structure of an active Rieske iron-sulfur cluster. It has also been pointed 
out by Iwata et that the structure around the Rieske R-[2Fe»2S] cluster is similar to the FeS cluster- 
binding loops ofthe small electron-transfer protein, rubredoxin, as the arrangement ofthe residues about 
metal-binding sites ofthe two proteins can be almost exactly superimposed on one another. In rubredoxin, 
however, all four cysteine residues are coordinated to a single iron atom and there is consequently no 
disulfide bond between the two loops. The Rieske iron-sulfur protein contains a number of conserved, 
charged amino-acid residues which form an extensive internal salt-bridge as well as a network ofhydro- 
gen bonds which together with the disulfide bond contribute to the stability of the protein. 

Three-dimensional structure of a chloroplast R-l2Fe*2S l\ Shortly after the mitochondrial work was 
reported, Carrell, Zhang, Cramer and Smith^^ determined the three-dimensional structure ofthe Rieske 
ISP from spinach. A soluble, 139-residue, C-terminal polypeptide fragment ofthe spinach R-ISP was 
crystallized and examined at 1.83 A resolution. While the mitochondrial R-ISP appears as a single lobe, 
the chloroplast R-ISP appears bi-lobed, with overall dimensions of 40x30x20 A^. A schematic diagram 
ofthe spinach R-ISP in color is presented in Color Plate-14 (B). Thus the spinach chloroplast R-ISP has 
two subdomains: a large, irregular (3-barrel formed by six P-strands near the bottom ofthe molecule and 
a small p-barrel at the top ofthe molecule for binding the R-[2Fe»2S] cluster. In the chloroplast R-ISP 
the binding ofthe R-[2Fe»2S] cluster to the polypeptide is almost identical to that in the mitochondrial 
protein. Cys-107 and His-109 from the P4/p5 loop and Cys-125 and His-128 from the P6/p7 serve as the 
ligands. While the innermost Fe is ligated by Cys-107 and Cys-125 and buried in the protein, His-109 
and His-128 ligate the outermost Fe atom and exposed to the solvent. Two other cysteines, Cys-1 12 and 
Cys-127, also form a disulfide bond that helps to stabilize the structure ofthe Cy\-bff complex. 

While the small R-[2Fe»2S]-cluster binding domains ofthe chloroplast and mitochondrial R-ISPs are 
identical in 47-61 % ofthe sequences, the larger subdomain are the same in only 5-18% ofthe sequences, 
despite a common folding topology. The sequence ofthe large subdomain is apparently correlated with 
the type of electron acceptor for the Rieske protein. Since an extensive, specific contact between the 
Rieske protein and its electron acceptor is needed to ensure a productive docking between them, some 




Chapter 35 The Cytochrome-V and -bci Complexes 



643 



flexibility in the protruding domain of the Rieske protein may be necessary. In the case of the spinach 
Rieske ISP, residues 41-52, by a preponderance of glycine content exhibit significant disorder, and may 
thus serve as a flexible tether. Thus residues 41-52 of the spinach Rieske fragment may tether residues 
53-179 to the membrane anchor. Carrell etal?^ suggested that the dissimilarity between the Rieske large 
subdomain in chloroplasts and mitochondrial Rieske proteins may therefore have evolved in order to 
interact effectively with their particular redox partners (Cyt/or Cyt C|) in the p-side aqueous phase. 

I.C. Cytochrome f 

The remaining subunit of the Cyt bj" complex to be discussed is cytochrome /.Cyt /of spinach chlo- 
roplasts contains 285 amino acids with a molecular mass of 31,300 Da. A membrane model illustrating 
the relationship ofCyt/to the other subunits is shown in Fig. 5 (A) and below it in Fig. 5 (B) the amino- 
acid sequences for Cyt / from turnip, spinach and Nostoc. More than a dozen such c-type cytochromes 
from higher plants, algae and cyanobacteria have been examined and about 80% conservation has been 
found. Hydropathy analysis [Fig. 5 (C)] indicates a single transmembrane segment (between amino 
acids 251 and 270) in chloroplast Cyt /near the C-terminus which serves to anchor the protein to the 
membrane [Fig. 5 (D)]. The major portion of the turnip Cyt /without the anchor segment is hydrophilic 
and was used to prepare a crystallizable cytochrome fragment for structure analysis. It should be noted 
that this heme-containing fragment has the same absorption spectrum in the visible and the same redox 
potential as the intact Cyt/. 

In 1994, the three-dimensional structure of a truncated protein of turnip Cyt / was determined by 
Martinez, Huang, Szczepaniak, Cramer and Smith^^ at a resolution of 2.3 A, which was refined later to 
1 .96 A^*. This was the first such structural information obtained for a component of the complex. 
After the last 33 residues (253-285) of Cyt/were cleaved off, the remaining redox-active portion was 
purified and crystallized. This active portion, which was used for the structure investigation, is circled in 
the topographical drawing in Fig. 6 (A). An uncrowded view of the ligands coordinated to the heme iron 
atom (in the smaller dashed circle) is shown immediately below the topological drawing in Fig. 6 (A). 
Stereograms of the Cyt / in ribbon structures and in Ca tracings are shown in Figs. 6 (B) and (C), 
respectively. 

The 252 residues of Cyt/that remain after cleavage form an elongated body measuring 75x35x24 A^, 
unlike the more nearly globular shape shown in Fig. 6 (A). This 252-residue polypeptide is folded into a 
large and a small domain along the long molecular axis, with the small domain protruding into the lumen 
side and the large domain originally attached to the anchor peptide (residues 253-285) buried in the 
membrane. The large domain is formed by residues 1-168 and 232-247, with the mid-segment of resi- 
dues 169-231 forming the small domain. While other c-type cytochromes are dominated by a-helices, 
there are only three a-helices in Cyt/ all present in the large domain. The large and small domains of 
Cyt / are dominated by P-sheets. Interestingly, the topology of the large domain of Cyt/has been found 
to resemble the type-III module of the animal protein fibronectin, an adhesive cell-surface protein, which, 
however, actually bears no apparent functional or evolutionary connections to Cyt /. 

The first 25 residues at the N-terminus ofthe Cyt/(and Cyt C\) polypeptide take the form oftwo short 
helices connected by a loop, and together with two anti-parallel P-sheets constitute the three-layered 
structure of the large domain. They also provide at the interface with the small domain a hydrophobic 
environment for the heme, which is covalently linked through thioether bonds to residues Cys-21 and 
Cys-24, of one ofthe short helices and ligated to a third, His-25. Thus, the heme binding in Cyt/follows 
the ‘Cys-X-Y-Cys-His’ signature sequence as found in all c-type cytochromes [see Fig. 5 (B) for resi- 
dues 21-25, boxed in the amino-acid sequence]. The sixth heme-iron ligand is the a-amino group of 
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(A) 



(B) 

a c. YP I FAQQNY - EnPREATGR I VpANCHLAa^^' vu I EVPQAVLPDTVFEAVVK I PYDMQVKQVLANGKKGALNVG 
a 0 . YP I FACX3NY - ENPREATGR I VCANCh|.ANKPVD I EVPQAVLPDTVFEAVVK I PYDMQLKQVLANGKKGALNVG 
7906 YPFWAQQTYPETPREPTGR I v bANCHL AAKPTEVEVPQSVLPDTVFKAVVK I PYDTSAQQVGADGSKVGLNVG 




to o» ^ 

a c. AVL I LPEGFELAPPDR I SPEMKEK I GNLSFQNYRPNKKN I LV I GPVPGQKYSE I TFP I LAPDPATNKDVHFLK 
a 0 . YP I FAQQGY - ENPREATGR I VCANCHLANKPVD I EVPQAVLPDTVFEAVVR I PYDMQLKQVLANGKKGGLNVG 
7906 AVLMLPEGFK I APEDR I SEELQEELDGTYFQPYSEDKENLV I VGP I PGEQYQE I VFPVLSPNPATDKN I HFGK 



a c. YPIYVGGNRGRGQIYPDGSKSNNTVYNATAGG- I ISKILRKE-KGG YE I T I VDASNERQV I D I IPRGPE 

a o. YPIYVGGNRGRGQIYPDGSKSNNTVYNSTATG- I VKK I VRKE - KGG YE I N I ADASDGREVVD I IPRGPE 

7906 YSVHVGGNRGRGQVYPTGSKSNNNLYNASNTG - T I AK I AKEE - DEDGNVKYQVN I QPESD - DVVVDTVPAGPE 



a c. LLVSEGES I KLDQPLTSNPNVGGFGQGDAE I VLQDPLRVQGLLFFLGSVVLAQI FLVLKKKQFEKVQLSEMNF 
a o. LLVSEGES I KLDQPLTSNPNVGGFGQGDAEVVLQDPLR IQGLLFFFASV I LAQ I FLVLKKKQFEKVQLSEMNF 
7906 L I VSEGQAVKAGDALTNNPNVGGFGQRDAE I VLQDAGRVKGL I AFVAL VMLAQVMLVLKKKQVERVQAAEMNF 



(C) 





Fig. 5. Cytochrome f. (A) Its location in the thylakoid membrane; (B) Amino-acid sequences for turnip Cyt f{Brassica campestris, 
B.C.), spinach {Spinacia oleracea, S.o.) and Nostoc PCC 7906 (7906); (C) Hydropathy plot; and (D) Topological model. (B) from 
Gray (1992) Cytochrome f : Structure, function and biosynthesis. Photosynthesis Res 34: 361 ; (C) from Widger, Cramer, Herrmann 
and T rebst (1 985) Topography and function of thylakoid membrane proteins. Trends Biochem Sci 1 0: 1 26. 

Tyr-1 [see bottom portion of Fig. 6 (A)], rather than Lys-145 as had been originally proposed^^. In fact, 
crystal-structure studies have shown that Lys-145 is actually 33 A away from the heme iron. This is the 
first known instance of an axial heme iron involving theN-terminal residue of a protein and it has been 
suggested that this unusual ligation by a terminal residue may have a possible strategic implication for 
providing the importation of the cytochrome into the thylakoid membrane and its folding and assem- 
bly^®. Interestingly, another case of ligation involving an N-terminal residue has been reported recently 
for the bacterial light-harvesting complex B800-850 (or LHC2) of Rp. acidophila, in which carbonyl 
oxygens ofN-terminal formyl methionines ofthe or-polypeptides ligate with the B800 BChl a molecules 
(see Chapter 4). 
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Fig. 6. (A) Topological model of cytochrome f(top) and the amino-acid ligands to the heme-iron atom (bottom). Three-dimensional 
structure shown as a ribbon structure (B) and a Ca tracing (C) with amino acids labeled at intervals of ten; (D) left: a chain of five 
water molecules bound to the lumen sideofCytf; right: an eniarged view of the water chain near the heme region Figure source: 
(B) and (C) Martinez, Huang, Szczepaniak, Cramer and Smith (1993) Crystal structure of chloroplast cytochrome f reveals a novel 
cytochrome fold and unexpected heme ligation. Structure 2: 98; (D) Cramer, Soriano, Ponomarev, Huang, Zhang, Martinez and 
Smith ( 1 996) Some new structural aspects and old controversies concerning the cytochrome b^f complex of oxygenic photosyn- 
thesis. Annu Rev Plant Physiol Plant Mol Biol 47; 487. 
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The small domain, consisting of residues 169-231 and some anti-parallel P-strands, has been likened 
to a small “jelly roll” [see Fig. 6 (B) and (C)]. It has been reported that a lysine residue, Lys-187, is cross- 
linked to Asp-44 of plastocyanin, the electron acceptor ofCyt /. This lysine is 28 A from the heme iron 
and forms with Lys-58, Lys-65, Lys -66 and Arg-209 a positive patch on the south-west side of the 
polypeptide [Fig. 6 (C)]. As shown in Chapter 34, Asp-44 is located in a negative patch in plastocyanin 
and is ~20 A from the copper atom. Thus, the notion that electron transfer between Cyt/and plastocya- 
nin involves attraction between two oppositely charged patches on the two carriers is in agreement with 
the supposition that the small domain acts as a docking site for plastocyanin. Thus the topology ofCyt / 
is consistent with its being anchored to the membrane through its hydrophobic terminal portion and 
serving the role as electron donor to plastocyanin through its small domain, with all three proteins being 
located on the same side of the membrane to allow for their mutual interaction. 

A subsequent measurement of the structure of crystals formed from the 252-residue, lumen-side do- 
main at 1.96 A by Martinez et revealed the presence of an L-shaped array of five water molecules 
embedded near the heme, as shown in Fig. 6 (D), left, and in an enlarged view for the water chain and its 
heme environment in Fig. 6 (D), right. The water chain extends in two directions from ligand His-25. 
The longer branch extends 1 1 A in the direction of Lys- 66 , which is known to be in the basic patch at the 
top of the domain and has been implicated in the interaction with the electron acceptor, plastocyanin. 
The authors suggested that the water chain may function as an exit port on the lumen side for protons 
translocated by the Cyt bff complex. 



I.D. Structure of the Cytochomre-b^f Complex 

The structure of the Cyt- 65 / complex was first investigated independently by Boekema, Boonstra, 
Dekker and Rdgner^' and by Cramer, Martinez, Huang, Tae, Everly, Heymann, Chen, Baker and Smith^®. 
Both groups examined negatively-stained monomeric and/or dimeric Cyt-ftgycomplex by electron mi- 
croscopy and image analysis, and reported elongated, rod-shaped images for the monomer. Boekema et 
reported dimensions of 83x44x60 A for the monomeric complex, and Cramer et found their 
monomeric and dimeric complexes to have proportionally comparable dimensions. Furthermore, Cramer 
et also found the isolated Cyt-b(J complex to contain one chlorophyll molecule, in agreement with 

the earlier finding reported by Hurt and Hauska'"', although the function of this chlorophyll remains 
unknown. 

In the meantime, the structure ofthe individual subunits ofthe Cyt-/)j/complex such as Cyt/and the 
Rieske ISP was measured by high-resolution X-ray crystallography, as just described in the sections 
above. Then, in 1994, Mosser, Dorr, Hauska and Kiihlbrandt^^ succeeded in preparing thin three-dimen- 
sional crystals of the CyX-b(J complex, paving the way for further structure studies at improved resolu- 
tion. In 1997, Mosser, Breyton, Olofsson, Popot and Rigaud^^ used these thin three-dimensional crystals 
of the A^complex, purified from Chlamydomonas reinhardtii, and used electron microscopy to exam- 
ine the negatively-stained specimens. After correction for lattice distortions, crystallographic analysis 
yielded a projection map ofCyt-Z)^/ at a resolution of 8 A, as shown by the unit-cell diagram in Fig. 7 
(A), which reveals a dimeric organization of the Cyt-ftg/ complex. The dimer, consisting of two 
C-shaped monomers, assumes a slightly elongated S shape, measuring ~88 A long and ~53 A wide. The 
2000 A^ area per monomer is more than enough to accommodate the 1 1 transmembrane a-helices of the 
Cyt-/>(^/ monomer. As seen in Fig. 7 (B) ofthe Cyi-b(J dimer, four domains designated with numerals I 
to IV may be recognized in each monomer. The four domains are considered to have variable impor- 
tance in the order of II>I»I11>1V. Ofthe four domains, domain II has been tentatively assigned to 
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Fig. 7. (A) Projection maps of negatively stained thin three- 
dimensional crystals of Cyt dsf (isolated from Chlamydomonas 
reinhardtii) at 8 A resolution. The unit cell (a=175 A, b=68 A, 
and a=90°) is indicated by the solid-line enclosure. (B) The 
projection map for a Cyt-bef dimer shown enlarged [image in- 
verted and rotated 90° from that in (A)]. The four main domains 
are labeled I to IV in both (A) and (B). (C) Topological model of 
Cyt-bef. See text for other details. Figure source: (A) and (B) 
Mosser, Breyton, Olofsson, Popot and Rigaud (1997) Projec- 
tion map of cytochrome bj complex at 8° resolution. J Biol 
Chem 272: 20266 and 20267; (C) Wollman, Minai and 
Nechustai (1999) The biogenesis and assembly of photosyn- 
thetic proteins in thylakoid membranes. Biochim Biophys Acta 
1411: 58. 



Cyt/and domain I to the Rieske ISP; assignment of domains III and IV to the remaining two suhunits 
was less definitive. However, projection maps were determined more recently hy Bron, Lacapere, Breyton 
and Mosser^'* for the C. reinhardtii Cy\-b(f comple using frozen-hydrated crystals. The combination of 
the projection maps obtained from the ice-embedded and the negative-stained crystals allowed the au- 
thors to correlate their results with the atomic model of the Cyt-^»C| complex and to localize Cyt 65 to 
domain III and subunit IV to domain IV. The 8-A resolution map reveals a ring of densities surrounding 
a deep groove, marked “G" in Fig. 7 (B), which appears to be separated by domains III and IV; domains 
I and IV appear more closely connected. 

Based on the results of Mosser et al. and Bron et al. , and the atomic models of Cyt bc\ derived from 
crystallographic analysis, a more updated topological model for the Cyt A^complex has been drawn by 
Wollman, Minai and Nechustai^^ as shown in Fig. 7 (C). Thesupramolecular Cyt Af/complex assumes 
an asymmetric organization relative to the thylakoid membrane plane, asjudged from the high-resolu- 
tion structure available for the analogous Cyt-6C| complex from the bovine heart mitochondria (see 
below). Most of the Rieske ISP and Cyt / as well as some helices from Cyt bf, and subunit IV protrude 
into the lumen space. The three small subunits are located peripherally. 

While the determination of a high-resolution three-dimensional model for Cyt b(,f remains to be an- 
ticipated^^, the work on the Cyt-ic| complex of mitochondria, by comparison, has been much more 
advanced than the functionally homologous Cyt-ig/ Crystals of the Cyt-6c| complex were available 
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since 1991. In 1996, Deisenhofer’s group^’’^* first determined the three-dimensional structure of the Cyt 
bc\ complex of bovine heart mitochondria, with a resolution of 2.9 A resolution. This high-resolution 
model^* provides invaluable insights into the structural features and the catalytic functions of the elec- 
tron-transfer proteins. Contrary to expectation, however, the position of the Rieske ISP is apparently too 
distant from Cyt C\ to allow a rapid electron transfer between them. Two more reports soon followed, 
one by Edward Berry and Tony Crofts and their associates'^ on the structure of the mitochondrial Cyt- 
bc\ complex from chicken and another report by So Iwata and coworkers'’® on the complete structure of 
an 11-subunit bovine mitochondrial CyX-bc\ complex. Most unexpectedly, the work of Zhang, Huang, 
Shulmeister, Chi, Kim, Hung, Crofts, Berry and Kim^® showed that the extrinsic domain of the Rieske 
ISP could occupy different positions in the complex, thus providing a mechanism for electron transfer 
by domain movement of the Rieske ISP. This new mechanistic aspect in electron transfer involving the 
Rieske ISP will be discussed again in Section III.C., after discussion of electron transfer in the Cyt b(f 
complex in the Q cycle. For reference purpose, a stereogram of the dimeric Cyt bc\ complex from 
chicken as obtained by Ed Berry et al.^^ is included in Color Plate 15. 



II. Spectroscopic Characterization of the Subunits of Cytochrome-bg^ Complex 

Chloroplast cytochromes can readily be characterized quantitatively by optical spectroscopy, as they 
have characteristic absorption spectra as well as distinct absorption-difference spectra. The thylakoids in 
higher plants (e.g., spinach) contain three cytochromes: Cyt b559, in either of two forms associated with 
PS II, and Cyib(, and Cyt /in the Cyt b(f complex. Although the a-absorption bands of all three cyto- 
chromes lie close to one another in the 550-560 nm region, it is possible to spectrally “isolate” the 
individual cytochromes by imposing carefully chosen redox potentials, as the redox -potential values of 
the different types of chromophores are sufficiently different from one another. Some of the optical and 
redox properties of the three spinach cytochromes are shown in the table accompanying the spectral 
properties in Fig. 8. 

The mild reducing agent hydroquinone (HQ) is used here rather than ascorbate for reducing the high- 
potential cytochrome. The bottommost trace, labeled ‘HQ-FeCy’ (hydroquinone minus ferricyanide), 
shows the combined absorption difference spectrum of high-potential cytochromes b559 and/. If Triton 
is present so that the high-potential cytochrome b559 is converted into the low-potential form, then the 
difference spectrum shows only that due to cytochrome / (the second difference spectrum from the 
bottom). Fow-potential cytochromes b559 and Cyt b(, may be reduced by 8204 ". Since low-potential 
cytochrome b559 is rapidly reduced by 8204', its difference spectrum is revealed 30 5 after addition of 
S2O4" ; the reference contains hydroquinone in order to keep only Cyt / reduced (second difference 
spectrum from the top). Cytochrome is reduced more slowly by 8204°, its difference spectrum appear- 
ing only after 15 m following addition 018204" (the topmost difference spectrum). 

The absorption spectrum ofpurified b^hy itself in the presence 018204“ shows a split a-band at 
ambient temperature, as shown in Fig. 9 (A), reflecting the characteristic absorbances of cytochrome /at 
554 nm and b^ at 563 nm. The absorption spectra showed no indication of the presence of any chloro- 
phyll, carotenoids, or Cyt b559. At ambient temperature, the “Asc reduced-minus-FeCy oxidized” dif- 
ference spectrum revealed cytochrome/at 554 nm, while the “8204“ reduced-minus- Asc reduced” dif- 
ference spectrum revealed cytochrome b^ at 563 nm [see Fig. 9 (A), inset]. The amplitudes of the two a- 
bands indicates a ratio of 2 Cytb(/Cyt f. The same difference spectra measured at 77 K [Fig. 9 (B)] shows 
the a-band of cytochrome / is split, with a major band at 551.4 nm, while cytochrome shows an 
asymmetric a-band at 560.8 nm. The absorption maxima ofboth cytochromes are shifted to the blue by 
a few nm at 77 K. Since Cyt contains two hemes, one might expect some spectral difference between 
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Fig. 8. Difference spectra of the three spinach cytochromes 
isolated by Imposing appropriate redox potentials In the sample 
and reference. See text for details. Figure source: DS Bendall, 
HE Davenport and R Hill (1 974) Cytochrome components of 
the higher plants. Methods in Enzymology 23: 341. 




them as a result of local environmental differences. A spectroscopic heterogeneity, however, is not 
apparent in the low-temperature difference spectrum shown in Fig. 9 (B). Nevertheless, Hurt andHauska’ 
reported that by careful redox bracketing, it is possible to differentiate the two using low-temperature 
absorption difference spectroscopy. For Cyt bf, present either in the Cyt-b(f complex or as isolated pro- 
tein, two spectral species corresponding to the two hemes were found in a series of redox-bracketed 
difference spectra at 77 K. Thus, as shown in Fig. 9 (C), a difference spectrum with the sample poised at 
-9 mV where high -potential “Cyt 65 (HP)” is reduced vs. the reference poised at -t 120 mV where only 
Cyt/is reduced shows a difference spectrum with split peaks at 557.5 and 561.4 nm for Cyt b^ (HP). A 
similar difference spectrum for a sample poised at -300 mV where the low-potential “Cyt b(, (LP)” is also 
reduced vs. the reference poised at -102 mV where only Cyt b^ (HP) and Cyt /are reduced reveals a 
major band at 560.5 nm and a shoulder at 557.5 nm for Cyt bf, (LP). A similar spectral differentiation has 
also been observed for the two 6-hemes in the mitochondrial and bacterial cytochrome bc\ complexes. 

As R-[2Fe»2S] does not show characteristic or prominent absorption or difference-absorption spectra 
in either redox state, EPR spectroscopy is a more suitable tool for its characterization. Figure 10 (A) 
shows an EPR spectrum obtained by Hurt and Hauska’ with apurified CyX-bff complex reduced with 
plastoquinol-1 and measured at 20 K. An EPR spectrum obtained earlier by Rich et with a less pure 
bff sample showed similar features. The EPR spectrum shows a high-spin heme signal atgy=5.63 origi- 
nating from the oxidized Cyt 65 . A prominent signal at g=4.2 probably originates from a ferric-iron 
species. Two less prominent signals at g=3.5 and 2.95 belong to the low-spin heme species. A signal for 
the R-[2Fe»2S] can be clearly seen from the resonance line at g=1.89, in agreement with the value 
reported by Malkin and Aparicio® in their first EPR spectrum measured for R-[2Ee»2S] in broken chlo- 
roplasts. The prominent signal at g=2.00 was considered to arise from plastosemiquinone, rather than 
from plastocyanin as previously suggested'*', since the latter has been shown to be undetectable in the 
purified b(f sample. 
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Fig. 9. Room-temperature absorption spectrum of spinach Cytbe^in the presence of dithionite (A); reduced-minus-oxidized differ- 
ence spectra as indicated for spinach Cyt bgf complex measured at room temperature in (A) inset and at low temperature (77 K) 
in (B): (C) 77 K difference spectra of the isolated (spinach) Cyt bgf complex titrated to the potentials indicated. See text for details. 
Figure source: (A) and (B) Hurt and Hauska (1 981 ) A cytochrome flb^ complex of five polypeptides with plastoquinol-plastocyanin- 
oxidoreductase activity from spinach chloroplasts. Eur J Biochem 117: 594; (C) Hurt and Hauska (1983) Cytochrome bg from 
isolated cytochrome b^f complexes. Evidence for two spectral forms with different midpoint potentials. FEBS Lett 1 53: 41 5. 

As mentioned above, EPR spectroscopy can serve a diagnostic purpose, particularly for the Rieske 
protein, as it is sensitive to the presence of inhibitors and to the occupancy of the quinone -binding sites. 
The quinone analogue DBMIB is known to block quinol oxidation by lowering the redox potential of the 
Rieske protein also. The effect of DBMIB on the EPR spectrum of the isolated complex (and also on 
the thylakoid membrane (not shown) is illustrated by the results of Malkin**^ in Pig. 10 (B). The top 
signal shows that the Cyt-bJ " complex purified from spinach chloroplasts by ammonium-sulfate frac- 
tionation contains the R-[2Pe»2S] as evidenced by the EPR signal at g-values of 1.90 and 2.03 after 
reduction by ascorbate. Upon addition of one equivalent of DBMIB per R-[2Pe»2S] center there was a 
marked decrease in the amplitude of the signals atg= 1.90 and 2.03. In addition, signals atg= 1.95 and 
2.01 became more prominent. Since DBMIB is known to block quinol oxidation, its effect on the Rieske 
protein helps establish the involvement of the latter in interacting with the Q^, site. This inhibitor effect 
will be discussed further in Section III.B. below. 
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Fig. 10. (A) EPR spectrum of purified spinach Cyt-b/complex. Sample was reduced with 2 mM plastoquinol-1 before freezing in 
liquid nitrogen; (B) EPR spectra of purified Cyt-bg/bomplex in the reduced state (upper trace) and in the presence of 1 equivalent 
of DBMIB (lowertrace). Figure source: (A) Hurt and Hauska{1981)Acytochromef/beComplexoffivepolypeptideswithplastoquinol- 
plastocyanin-oxidoreductase activity from spinach chloroplasts. EurJ Blochem 117: 595; (B) Malkin (1982) Interaction of photo- 
synthetic electron transport inhibitors and the Rieske iron-sulfur center In chloroplasts and the cytochrome be-f comolex 
Biochemistry 21 : 2947. 



III. Electron Transport and Proton Translocation in Cytochrome 6/ 

In photosynthetic organisms the cytochrome complex interconnects the two photosystems by transfer- 
ring electrons from reduced quinone molecules to photosystem I. In higher plants and cyanobacteria, the 
electrons are transferred from plastoquinol to plastocyanin (or to Cyt c553 in cyanobacteria). Note that 
the redox change in quinone involves two electrons, whereas the high-potential electron acceptors in- 
volve only a one-electron change. In the following we will discuss the mechanism by which these two 
types of transfers are interfaced. 

Also, it should be noted that the electron transfer through the complex is “electrogenic,” i.e., an elec- 
tric field is generated as a result of electron transfer across the membrane. In addition, accompanying the 
electron transfer protons are also translocated across the membrane to generate a proton gradient as well. 
Experimentally it is found that for every electron transferred, two protons are translocated, i.e., H'^/e' = 
2, which means one extra proton is translocated for every electron passed on to the high-potential elec- 
tron acceptor. We will examine how proton translocation across the membrane is coupled to electron 
transfer and how the stoichiometry is accounted for. It is apparent that an arrangement of two fe-hemes in 
the cytochrome complex enables it to function as an efficient interface between a two-electron and a 
one-electron carrier. At present, the generally accepted model which accounts for the function of the 
cytochrome b(f complex in intersystem electron transport and proton translocation is the “quinone cycle” 
or “Q cycle” proposed by Peter Mitchell"*^ in 1976 and modified by Tony Crofts^'^ in 1985. 

I II. A. The quinone Cycle (Q Cycle) 

The model in Fig. 1 is depicted again in Fig. 11 (A) to show the intermediary position of the 
complex in the thylakoid membrane ofthe green-plant photosystem. In Fig. 1 1 (B), the R-[2Fe»2S] and 
Cyt / are shown located near the membrane-lumen interface and Cyt has the unique transmembrane 
arrangement of its two hemes located on the opposite sides of the membrane. This assumed heme ar- 
rangement is significant for the important role played by Cyt b^ in electron transport and proton translo- 






652 



b,f 




Fig. 1 1. Q-cycle model; (A) Location of Cyt in the thylakoid membrane; (B) Enlarged model of the Cyt complex showing the 
quinone binding sites Qo and Qr as well as the redox components Cyt ba. R-[2Fe*2S], and Cyt f along with symbols for indicating 
their redox states. (C) Sequence of electron and proton transfers. See text for details. It is assumed that the initial redox state of 
the system has been conditioned by the photochemical oxidation of P700 in the PS-I reaction center. (C) adapted from Cramer 
and Knaff (1990) Energy Transduction in Biological Membranes, p 343. Springer. 
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cation in the Q cycle. Two quinone-binding sites in A^flocated on the opposite sides of the membrane are 
also envisioned: A site (Qq) for plastoquinol oxidation near the lumen side where R-[2Fe»2S] and Cyt b(, 
(LP) are located and a site (Q,) for plastoquinone reduction near Cyt 65 (HP) and the stroma side of the 
membrane. It might be useful to mention that various alternate designations can be found in the literature 
for the nomenclature used here: for instance, “Qq” and “Qj” sites, to indicate their outside and inside 
locations, respectively, in the membrane, or “Qp” and “Qn”> respectively, to indicate sites on the positive 
or negative side, or Qj, and Qg, particularly in the literature of mitochondrial Cyt-bc\ complex. 

Note that relative to PQ, plastoquinol [PQHj] has 2 extra H" and 2 extra e ’s, each of which can be 
given up one at a time. Furthermore, the two electrons produced by oxidation of plastoquinol at the Qq 
site do not take the same reaction pathway. The first electron released goes to reduce the high-potential 
Rieske R-[2Fe»2S] in Fig. 11 (C), while the plastosemiquinone [PQH] that results has a redox potential 
capable of reducing the low-potential Cyt nearby [see the reaction (a)— >(b) in Fig. 1 1 (C)]. Thus, 

PQH 2 (at Q,) + [2Fe-2Sf ^ PQH (at Qo) + [2Fe-2S] + H""* 

PQH (at Qo) + [Cyt be (LP)]® -> PQ (at Q„) + [Cyt be (LP)] + H*'' (a)->(b) 

In the meantime, the reduced Rieske protein transfers an electron to Cyt/, which in turn reduces PC [see 

(b)^(c)]: 

[2Fe-2S] + Cyt f ® [2Fe-2S]® + Cyt f ; Cyt f + PC®-» Cyt f ® + PC (b)^(c) 

The electron on Cyt /> 6 (TP) undergoes an inter-heme transfer across the dielectric to the high-potential 
CytZ>5(HP) ~12 A away and located nearer the QrSite: 

Cyt be(LP) + Cyt be{HPf -> Cyt be(LPf + Cyt be(HP) (c) 

Accompanying the two stages of plastoquinol oxidation, there is a release of two protons into the lume- 
nal space: 



QH 2 (at Q„) PQ (at Qo) + 26' + 2H*"' (b) 

A plastoquinone molecule from the PQ pool is taken up at the site on the stromal side. The electron 
from reduced CytA 6 (HP) goes to reduce the plastoquinone located at the site to a semiquinone which 
picks up a proton from the aqueous stromal phase: 

Cyt belHP) + PQ (at Q,) + H’ ^ Cyt be(HP)® + PQH (at Q,) (d)->(e) 

The net result thus far is the complete oxidation of a plastoquinol with the release of two protons to the 
lumenal space and the reduction of a plastoquinone to the semiquinone at the site accompanied by 
uptake of a proton from the outer stromal space. Now a second turnover initiated by another plastoquinol 
molecule at the site takes place [steps (e) and (f)], undergoing the same sequence of reactions as 
(a)->(d) above. The Cyt Z>6(HP) reduced during the second cycle [(g), (h)] then reduces the semiquinone 
at Qr to plastoquinol, taking up another proton in the process: 

[Cyt be{\-P) + Cyt /3g(HP)® + PQH (at Q,) + H* 

->■ Cyt bs(LP)® + Cyt be(HP)® + PQHj (at Q,) (g)^(h) 

The resulting quinol is released, and returns to the PQ pool for subsequent oxidation at the site and 
completes the Q cycle: 

PQH 2 (at Q,) PQH 2 (at Qo) 
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The result of two turnovers in the complete Q cycle is the oxidation of two plastoquinol molecules at 
the Qfy site, the transfer of two electrons to plastocyanin by way of R-[2Fe»2S] and Cytf, and the transfer 
of four protons across the membrane into the lumenal space. Thus, the overall stoichiometry of protons 
translocated to electrons transferred {i.e., H‘'‘/e“) is 2:1, rather than 1:1 that would be expected in a 
mechanism where quinone is reduced with proton uptake on one side ofthe membrane and then oxidized 
on the other side ofthe membrane with proton release. The H'^/e~=2 ratio was experimentally verified 
by Hurt, Gabellini, Shahak, Lockau and Hauska"*’ and by Willms, Malkin andChain'*^ using a purified 
complex incorporated in liposomes. In the Mitchell Q-cycle mechanism, the two electrons released 
upon plastoquinol oxidation do not follow the same reaction pathway, but rather one goes to reduce R- 
[2Fe»2S] (and then on to Cy/and PC) while the other goes to reduce first the low-potential Cyt and 
then the high-potential one. Consequently, after the oxidation of two plastoquinols, two electrons pass 
through the two Cyts b^ and reduce one plastoquinone at the Qf site. One may look at this part of the 
cycle as two semiquinones at the and Qr sites alternately reducing and oxidizing the Cyt ^6(LP) and 
Cyt ^6(HP) during the two successive turnovers, shuttling electrons across the thylakoid membrane and 
pumping protons from the stroma to the inner thylakoid space. The net result is the conversion of the 
redox energy released during the oxidation of quinols into a membrane potential formed during the 
“electrogenic” interheme electron transfer plus an electrochemical potential associated with the proton 
gradient produced across the membrane, i.e., A'P and ApH. Energy derived from both of these electro- 
chemical gradients is utilized for the synthesis of ATP in these systems (see Chapter 36). 

III.B. Additional Experimental Evidence 

The Q-cycle hypothesis and other alternative versions of it were attempts to explain the two important 
reactions occurring during electron transport and proton translocation in the mitochondrial cytochrome 
be complex and also in the chloroplast cytochrome complex by the so-called “oxidant-induced re- 
duction of Cyt b ” and the interheme electron transport in the Cyts b. Abundant experimental work to 
obtain evidence for these two reactions as well as other aspects relating to the structure and function of 
the be complexes has been performed. In addition to what has been mentioned above, we will present 
several selected examples to elucidate the oxidant-induced reduction of Cvt b and the need for two 
quinone-binding sites, using the chloroplast Cyt-bJ " complex or the Cyt-ftcj complex from photosyn- 
thetic bacteria as examples, all monitored by absorbance changes of cytochromes induced by either 
steady or flash illumination. 

Oxidant-indueed reduetion of eytoehromeb ^ The oxidant-induced reduction of Cyt b(, means the 
reduction ofCyt-i^ linked to the oxidation ofquinol is mediated by the Rieske iron-sulfur protein. This 
reaction has long been documented for the mitochondrial and photosynthetic-bacterial Cyt-bc\ complex. 
The same reaction is expected to occur in the CyX-bff complex of higher plants and cyanobacteria. Oxi- 
dant-induced reduction of Cyt bf, was illustrated in the early reaction steps in Fig. 1 1 (C) above. We 
describe here, with the help of Fig. 12, the work of Hurt and Hauska"*^ detailing the spectrophotometric 
evidence for the reaction steps in the Cyi-bJ complex isolated from spinach chloroplasts. 

Hurt and Hauska'*’ isolated from spinach &Cyt-b(f complex that is redox active in vitro in plastoquinol- 
plastocyanin oxidoreduction. Their work showed Cyt/oxidation and Cyt-Z>6 reduction when an isolated 
PS-I reaction-center particle and reduced plastocyanin and/or plastoquinol are provided as auxiliary 
redox components for the CyX-b(f complex, as illustrated in Fig. 12 (A). Below it are panels showing 
absorbance changes associated with redox reactions of cytochromes /and b(, under different experimen- 
tal conditions. Immediately above the panels are descriptions ofthe corresponding reaction conditions. 
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(B) { [bgf(r reduced) + PC + PS-1 RC] + PQHa } 




(D) {V(±[ 2 Fe- 2 S](+PC)-HPQH 2 } + FeCy (E) {^^^(roxidized), (± [2Fe 2S]) } + PQHj 




Fig. 12. (A) Reaction components used to demonstrate the “oxidant-induced reduction of Cyt be" in chloroplasts. Panels (B) to (E) 
illustrate absorption changes associated with the redox reactions due to Cyt f and Cyt be under various conditions. The experi- 
mental conditions are represented immediately above each panel. In panels (B) and (C), the small upward arrows are for light on, 
and the downward ones for light off. In traces (D) and (E), the arrows indicate injection of the respective chemical reagents. See 
text for other details. Data from Hurt and Hauska (1982) Oxidant-induced reduction of cytochrome bg in the isolated cytochrome 
belt complex from chloroplasts. Photobiochem Photobiophys 4: 11, 12, 14. 

The traces at left in Fig. 12 (B) show that when the Cyt-b(f complex, in which Cyt/is initially kept 
reduced with a small amount of ascorbate, is illuminated in the presence of the PS-I reaction centers and 
plastocyanin, but in the absence ofplastoquinol-1, Cyt/is oxidized (AA at 554 vs. 540 nm), but practi- 
cally no redox change due to Cyt 65 is observed (AA at 563 vs. 575 nm). 
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When, however, plastoquinol-1 is also added to this reaction mixture [Fig. 12 (B), center], illumina- 
tion causes a Cyt /-oxidation “transient” (the small dip). During this transient, PQHjis supplying elec- 
trons to Cyt /as well as to Cyt bf, (center, bottom). With a higher concentration of plastoquinol-1, the 
duration of the Cyt /-oxidation transient is increased (right, top), as is that corresponding to the reduction 
of Cyt (right bottom; slower reoxidation). When the supply ofavailablePQH 2 is exhausted, Cyt/ is 
oxidized and Cyt bf, is reoxidized. 

Fig. 12 (C) shows when the R-[2Fe»2S] is removed from the Cy\.-bff complex in the reaction mixture 
that still contains the PS-I reaction centers, PQH 2 and plastocyanin, Cyt / becomes rapidly oxidized to 
the full extent without the appearance of a transient, and photoreduction ofCyt-Z)g is completely abol- 
ished. These results support an active role for R-[2Fe»2S] in the oxidant-induced reduction of Cyt bf,. 

The above interpretation is further supported by the results shown in Fig. 12 (D), where the light- 
induced oxidative role of PS I is replaced by ferricyanide (FeCy). For these experiments, both the intact 
Cyt complex and the complex with the R-[2Fe»2S] removed were used. Upon injection of small 
quantity of FeCy to the reaction mixture containing intact R-[2Fe»2S], both oxidation of Cyt / and 
reduction ofCyt bf, take place, as seen from the solid-line traces in Fig. 12 (D). Upon addition ofFeCy to 
the reaction mixture containing Cyt b ^ without R-[2Fe»2S], no Cyt-bf, reduction can be seen while Cyt / 
is oxidized but recovers slowly, as shown by the dotted line traces. The small absorption decrease at 563 
nm was attributed to the oxidation of plastocyanin by FeCy. 

The slower reduction of Cyt / by plastoquinol-1 in the above case where the R-[2Fe»2S] is removed 
from the Cyt b^ complex is further shown in Fig. 12 (E), where plastoquinol-1 is added to the Cyt bff 
with the Cyt/pre-oxidized. These results indicate that plastoquinol-1 is preferentially oxidized by R- 
[2Fe»2S] rather than by Cyt/ Although not shown in this figure, addition of plastoquinol-1 also results 
in a small extent of Cyt bf reduction, presumably by plastosemiquinone. 

Identification of the 0-sites in the Cytochrome be , Complex ofPhotosynthetic Bacteria with the help 
of Inhibitors. Inhibitor studies have helped greatly in the identification of the two discrete quinone- 
binding sites located on the opposite sides of the membrane and in demonstrating the involvement of the 
R-[2Fe»2S] near the Q^, site. There are two groups of inhibitors, one group known to block at the Qq and 
the other at the site. One classical Qg-site inhibitor is the antibiotic myxothiazol. Myxothiazol blocks 
electron transfer from QH 2 at the Qq site to both Cyt 6(LP) and the R-[2Fe»2S] [see Fig. 13 (B, c)j. Its 
binding to the Q^, site in the Cyt-6 domain is supported by a red shift in the absorption spectrum of 
reduced Cyt 6(LP). The blocking at R-[2Fe»2S] has also been demonstrated by EPR spectroscopy. 

The classical inhibitor for the site is another antibiotic, antimycin, that is produced by various 
species of Streptomyces. Antimycin blocks electron transfer from reduced Cyt 6(HP) to the oxidized 
quinone at the site [see Pig. 12 (B, b)j. Binding of antimycin shifts the a-band of reduced Cyt 6(HP) 
from 562 to 564 nm in the Cyt bc\ complex. It has been demonstrated that antimycin also prevents the 
binding of the semiquinone radical in the Cyt 6(LP) domain. When both of these inhibitors are present, 
all electron transfers to and from either of the 6-cytochromes are blocked, a situation that has often been 
called a “double kill of cytochrome 6” [see Pig. 12 (B, c)j. It should be noted, however, that even though 
myxothiazol and antimycin are very effective inhibitors for the be complexes, these compounds have 
virtually no inhibitory action on the b^ complex'^' , suggesting that some important structural differences 
must exist among these complexes. However, antimycin at a high concentration does inhibit cyclic 
electron flow around photosystem II, presumably by acting on a different protein. 

Gennis, Barquera, Hacker, van Doren, Arnaud, Crofts, Davidson, Gray and Daldal''* have demon- 
strated the value of flash spectroscopy as a valuable tool for elucidating the effects of inhibitors as well 
as mutagenesis on the mechanism of electron transfer in 6c, complexes of photosynthetic bacteria. Pig. 
12 shows the effects of these inhibitors on the redox reactions of cytochromes examined by flash-in- 
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Fig. 13. (A) Model illustrating the cyclic electron transport in photosynthetic bacterial reaction center involving the Cyt-dc, com- 
plex; (B) Models for the wild-type Rb. sphaeroides chromatophores without addition of Inhibitor (a), in the presence of antimycin 
(b), and in the presence of myxothiazol plus antimycin (c); immediately below are the corresponding flash-induced absorbance 
changes accompanying redox reactions of either Cyt b(HP) [measured at 561 vs. 569 nm] or Cyts (C 1 +C 2 ) [measured at 551 vs. 
542 nm]; (C) Models illustrating mutants which have undergone residue modification either near the Qo site [Glu-295^Gln] (a) or 
near the site [Asp-252 ->Asn] (b); immediately below are the corresponding flash-induced absorption changes accompanying 
redox reactions of Cyt b{HP); the bottommost signals of the wild-type control are shown for comparison. Data in (B) and (C) are 
adapted from Gennis, Barquera, Hacker, van Doren, Amaud, Crofts, Davidson, Gray and Daldal (1993) The be, complexes of 
Rhodobacter sphaeroides and Rhodobacter capsulatus. J Bioenerg Biomembr25: 198, 204. 
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duced absorbance changes at millisecond resolution. The effect of site-directed mutagenesis are dis- 
cussed below. 

Fig. 13 (B) shows flash-induced absorption-change signals mRb. sphaeroides chromatophores in the 
absence and presence of known inhibitors to the Cyt bc\ complex. Prior to flash excitation, the redox 
potential of the sample was poised at 100 mV in order to keep R-[2Fe»2S] and the Cyts C] and in the 
reduced state and both Cyts ^(HP) and Z?(LP) oxidized [see Fig. 13 (A)]. Redox reactions of Cyt Z?(HP) 
and Cyts C\ andc 2 collectively are monitored by absorbance changes induced by flash excitation. At 100 
mV, about half of the quinone pool is estimated to be in the reduced state before flash excitation. As 
shown by the signals in Fig. 13 (B, a), in the absence of inhibitors, flash excitation immediately elicits a 
rapid, initial oxidation ofboth Cyts C) and C2 by the reaction center [Fig. 13 (A, a)]. Cyts C\ and C2 are 
then reduced directly by R-[2Fe»2S] as a result ofplastoquinol oxidation at the site. In the meantime, 
Cyt fe(LP) and Cyt fe(HP) are rapidly reduced and re-oxidized in turn following flash excitation, as a 
result of turnover at the site. 

Antimycin is an inhibitor known to block electron transfer from Cyt fe(HP) to quinone at the site 
[see Fig. 13 (B, b)]. However, since the quinone oxidation site Qq is functional, Cyt Z?(HP) reduction can 
still take place, as seen in Fig. 13 (B, b) trace. However, its re-oxidation by the site is blocked by the 
presence of antimycin. In the presence of additional myxothiazol, an inhibitor that is known to prevent 
turnover at the quinone oxidation site Q„, no Cyt Zj(HP) reduction is observed [Fig. 13 (B, c)]. 

Identification of the Q-sites in Cytochrome hc ^ Complex w ith t he h elp o f Site- D irected M utagenesis. 
Gennis et al.^^ chose residue Asp-252, located on helix E and thus a residue near the site as judged 
from the topological model, and replaced it with asparagine, i.e., Asp-252— >Asn. They also separately 
replaced residue Glu-295 located near the site, with glutamine, i.e., Glu-295— >Gln. As expected, 
replacement of these two residues is expected to dramatically affect the function at the Q^and sites, 
respectively. When Asp-252 is substituted by Asn, the flash-induced absorption change indeed indicates 
that Cyt Zj(HP) can be rapidly and fully reduced but cannot be reoxidized [Fig. 13 (C, a)]. Note that the 
effect of this mutation is very similar to the effect exerted by antimycin, which is known to block elec- 
tron transfer between Cyt ^(HP) and the Qr site [c/. trace in (B, b) above]. As expected, the addition of 
antimycin to this sample has no additional effect. With the wild-type control, flash excitation results in 
Cyt fe(HP) reduction followed by re-oxidation. 

The loop between the E- and F-helices is adjacent to the Qq site and contains a highly conserved 
sequence, namely Pro-294/Glu-295/Trp-296/Tyr-297 (or “PEWY”). Mutation of the PEWY residues 
would impair the function of the Qq site and is known to raise the redox potential of Cyt (?(LP). It also 
results in a 50-fold inhibition of the quinol oxidation rate. The trace from flash-induced absorption 
change in Fig. 13 (C, b) shows that no reduction of Cyt (?(HP) takes place in the Glu-295— >Gln mutant 
even in the presence of antimycin. The behavior of this mutant is similar to that of the wild-type control 
in the presence of myxothiazol. Of course, the wild-type control shows an enhanced reduction of Cyt 
Zj(HP) but no re-oxidation when antimycin is present (see lower trace in Fig. 13 (C, b). 



III.C. Movement of the Extrinsic Rieske Iron-Suifur-Ciuster Domain during Eiectron Transfer 

As seen above, the two electrons produced by hydroquinone oxidation at the Qq binding site take a 
bifurcated electron-transfer pathway, a high-potential pathway leading to the Rieske ISP and Cyt C\ and 
a low-potential pathway to Cyt bf,. The initial crystallographic determination reported by Xia et al?^ with 
crystals of the Cyt bc\ complex of bovine-heart mitochondria provided sufficient electron density to 
allow identification of the [2Fe»2S] cluster of the Rieske ISP at a position 31 A from the heme iron 
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of Cyt C], and 27 A from the heme iron ofCyt &(LP), near the Qq binding site. However, the crystal 
structure was not resolved because the protein was disordered in the region of the R-ISP and Cyt C\. The 
unresolved protein structure might have arisen from mobility of the [2Fe»2S] cluster in the crystal, and 
that such mobility could be important to its function. Nevertheless, the distance of the [2Fe»2S] cluster 
was found to be further from Cyt C\ than expected for rapid electron transfer between them. 

In a subsequent X-ray crystallographic determination of the structure of the Cyt bc\ complex from 
chicken, cow and rabbit, Zhang, Huang, Shulmeister, Chi, (KK) Kim, Hung, Crofts, Berry and (S-H) 
Kim^® found the R-ISP to be able to take up different positions in different crystals. They found that 
when the Cyt bc\ complex was co-crystallized with stigmatellin, a Q(,-site inhibitor, the structure of the 
extrinsic [2Fe»2S] cluster domain of the Rieske ISP was, unexpectedly, different from that of the com- 
plex in the native state with the Qj, site vacant. Since neither of these locations alone will allow all 
electron-transfer reactions necessary for hydroquinone oxidation to proceed at a suitable rate, Zhang 
et al?'^ proposed that the reaction mechanism for electron transfer in the Cyt bc\ complex must involve 
some dramatic change in the location of the extrinsic [2Fe»2S] domain of the R-ISP in order to shuttle 
electrons from ubihydroquinone through the bifurcated pathways to Cyt &(LP) and Cyt C|. 

An interpretation for possible conformations assumed by the Cyt-fec| complex when stigmatellin is 
bound to the Q^, site and when the site is vacant (in the native complex) are shown in Figs. 14 (A) and 
(B), respectively. When stigmatellin is bound to theQ^site, His-161 of the R-ISP is hydrogen-bonded to 
stigmatellin, keeping the extrinsic [2Fe»2S] domain docked at the Cyt-h interface, in the so-called “proxi- 
mal” position [relative to Cyt (?(LP)] in the Qq site. In the native Cyt bc\ complex, the [2Fe»2S] domain 
rotated from the position in the stigmatellin-bound complex, to the “distal” position in the site, being 
at the Cyt C\ interface. Izrailev, Crofts, Berry and Schulten'*^ used “steered molecular dynamics” to 
simulate the Rieske subunit motion in the Cyi-bc\ complex and confirmed the feasibility of such a move- 
ment. They also obtained a 56° rotation of the extrinsic [2Fe»2S] domain through an application of a 
torque within 1 nanosecond. 




Fig. 14. Rotation of the mobile [2Fe*2S] cluster in the Cyt be, complex upon binding of the inhibitor stigmatellin. Cyt b or b(HP) 
and b[_ or b(LP)], Cyt c and ISP (the [2Fe*2S]) are as indicated. (A) Arrangement of the Cyt be, complex subunits when stigmatellin 
is bound to the Q„ site. (B) Arrangement of the Cyt be, complex subunits in the absence of the inhibitor. Figure source: Izrailev, 
Crofts. Berry and Schulten (1999) Steered moleeular dynamics simulation of the Rieske subunit motion in the cytochrome be, 
complex. Biophys J 77: 1754. 
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Other recent reports further confirmed the different locations occupied by the extrinsic [2Fe»2S] do- 
main in different crystals. An intermediate location was reported by Iwata et alf' in a new crystal form 
which places this domain -27.5 A from Cyt ci and 13 A from the Qg site. Kim, (D) Xia, (C-A) Yu, (J-Z) 
Xia, Kachurin, Zhang, (L) Yu and Deisenhofer^® further examined crystal structures of bovine mito- 
chondrial CyX-bc\ complexes with inhibitors bound to the Qg and/or Q; (i.e., Q^) sites. Binding of the Qg- 
site inhibitor UHDBT (5-undecyl-6-hydroxy-4,7-dioxobenzothiazol) and stigmatellin was found to re- 
sult in the [2Fe»2S] domain being at the Cyt b interface, whereas binding of myxothiazol or MOAS 
(methoxyacrylate-stilbene) led to the release of this domain. The native complex with a vacant site 
was found to have a structure intermediate between these two extremes. 

Now that it is substantiated that the [2Fe»2S] domain of the Rieske iron-sulfur protein is not static but 
moves between domains of cytochrome-c, and cytochrome-/? subunits, and that it is likely that such 
movement may provide a novel mechanism to allow catalysis of all the reactions involved in the oxida- 
tion of hydroquinone at the Qg site and the subsequent bifurcated pathway of electron transfer. It has 
been found that during the movement, the mobile [2Fe»2S] domain retains essentially the same tertiary 
structure, and the anchoring N-terminal tail of the R-ISP molecule remains in the same fixed position. 
The movement occurs through an extension of a helical segment in the short linking span. 

Fig. 15 presents a scheme for such a movement ofthe extrinsic [2Fe»2S] domain in the conformational 
states associated with the reactions of hydroquinone oxidation at the site in the Cyt-/>C) complex. The 
first few steps in hydroquinone oxidation in the Q-cycle as previously shown in Fig. 1 1 (C) are included 
in the scheme to illustrate the [2Fe»2S] domain movement involved. The Cyt-/?C| complex consisting of 
three catalytic subunits, Cyt b (with one high-potential, and one low-potential, “/»l” heme), Cyt C\, 

and the Rieske ISP containing the [2Fe»2S] cluster, is represented by a transparent space-filling model. 
The initial state “0 *ISPb°’‘*Ci'^” (a) is the complex with a vacant Qg site and the [2Fe»2S] domain ofthe 
oxidized ISP is docked at the Cyt-/? interface, and Cyt C| is oxidized. Upon binding a hydroquinone 
molecule, QH 2 , the reaction complex becomes “QdH 2 *ISPu“*C| (b) where QdH 2 represents the hydro- 
quinone molecule being in the “distal” domain ofthe Qg site. Upon the first one-electron oxidation of 
QdH2, a transient state is formed in which the semiquinone (SQ) is flipped to the “proximal” domain of 
the Qq site and one proton is released, resulting in the intermediate state “SQp*ISPc^°‘**Ci*” state (c), and 
the [2Fe»2S] domain ofthe reduced ISP is moved to the Cyt-C| interface. Upon the second one-electron 
oxidation, the seimquinone SQp is oxidized to Qp, the ISPc'^'* reduces Cyt C\^ forming the “Qp»ISPc°**Ci” 
state (d), and another proton is released. Because the semiquinone formed is presumably unstable, the 
reaction at the Qg site appears to be a concerted electron transfer to both the low- and high-potential 
chains. After dissociation ofthe oxidized quinone from the binding site and reduction of Cyt c in the 

aqueous phase by Cyt C|, it returns to the vacant “0*ISPc°’‘*c/” state (e), and ready to take up another 
QH 2 at the Qg site and start another series of turnovers. 

Although Fig. 15 only shows reactions at the site, a complete Q-cycle requires the oxidation of two 

QH 2 molecules in two successive series of turnovers. As Fig. 15 (d) shows, the electron on Cyt /?(LP) 
moves up to Cyt /?(HP). This electron from the /?-heme chain is used to reduce an oxidized quinone 
bound at the (or Qj) site. Thus the two catalytic sites in Cyt b are involved in the oxidation or reduc- 
tion of quinone. The integration of the oxidation and reduciton reactions with the release or uptake of 
protons in the aqueous phases results in the complex translocating protons across the membrane and 
generating a proton gradient, as already discussed in Section UFA. and Fig. 1 1 . 

Oxidation of the hydroquinone at the Qq site is rate-determining and has a relatively high activation 
barrier. However, activation energies of partial reactions that contribute to movement of the [2Fe»2S] 
domain have been measured and shown to be lower than the activation energy associated with the rate- 
determining reaction of hydroquinone oxidation. It has also been shown that reactions that contribute to 
movement ofthe [2Fe»2S] domain are rapid compared to the rate-limiting step. 
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Tony Crofts and Ed Berry and their colleagues have made further detailed studies on the role of the 
iron-sulfur protein and its mobility on the mechanism ofhydroquinone oxidation hy the Cyt bc^ com- 
plex^', the structural aspects of the movement of the [2Fe»2S] domain during hydroquinone oxidation’^, 
and the role of the different domains of the Qg binding site in the binding of inhibitors'^; they have also 
prepared a comprehensive review entitled Structure and function of cyt be complexes for volume 69 of 
the Annual Review of Biochemistry (2000)*^^. 



(a) ®-ISPb°* c/ 



(b) QdH2-ISPB°* cr 



(C) SQp lSPc'®'’-cr 




+QH2 




1 

(d) Qp-ISPc°’-e, 



1 

H* 





Fig. 15. Scheme showing the movement of the extrinsic [2Fe*2S] domain of the Rieske ISP in quinol oxidation at the quinone- 
oxidizing site, Qo, of the Cyt bc^ complex. Figure adapted from Crofts, Hong, Zhang and Berry (1999) Physicochemical aspects of 
the movement of the Rieske iron sulfur protein during quinol oxidation by the bc^ complex from mitochondria and photosynthetic 
bacteria. Biochemistry 38: 15828. The following symbols are used in the figure: 



Q, quinone 
SQ, semiquinone 
QH 2 , hydroquinone 
(subscripts: d=distal; p=proximal) 

(S> represents the vacant Q„ binding site 



ISPa, ISP whose [2Fe-2S] domain is docked at the Cyt b interface 
ISPc, ISP whose [2Fe*2S] domain is docked at the Cyt c interface 
(ISP"* and ISP'*^are the oxidized and reduced ISP, respectively) 
[(Jh and 61 . are the same as Cyt b (HP) and Cyt b (LP)] 
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I. Introduction 

Adenosine triphosphate (ATP) is the universal energy “currency” for the transaction of many life 
processes including functions that are biosynthetic, mechanical, electrical, osmotic, or even informa- 
tional in nature. The importance of ATP may be appreciated from the startling estimate made by Erecinska 
and Wilson* that a 68-kg adult person will synthesize approximately 40-kg of ATP during a restful day 
and probably much more than that when the person performs some moderate exercise or physical work 
[see cartoon at end of chapter]. ATP, recognized in the 1930s as an energy- storage compound in cells, 
consists of the five-carbon sugar, D-ribose, with an adenine attached to its 1 '-carbon and three phosphate 
groups to its 5 '-carbon, as shown in Fig. 1. When only the adenine base is attached to the sugar, the 
compound is the nucleoside called adenosine. When just one phosphate group is linked through a 
phosphoester bond to the 5 '-carbon on the ribose of adenosine, the resulting compound is called adenos- 
ine monophosphate (AMP). Similarly, adenosine with two or three phosphate groups attached is called 
adenosine diphosphate (ADP) or adenosine triphosphate (ATP), respectively. The bonds linking the 
second and third phosphate groups are the so-called “high-energy” phosphoanhydride bonds. The stan- 
dard free energy, AG®' of ATP hydrolysis to ADP and phosphate (an exergonic process), i. e., ATP -i- H 2 O 
j^DP + Pj + H^,is -30.5 kJ'moP'.It is also worth noting that AG for ATP hydrolysis under physiologi- 
cal conditions in a cell is closer to -50 kJ-mol”' 
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Fig. 1. The phosphorylated forms of adenosine; the low-energy phosphoester bond and the high-energy phosphoanhydride bonds. 

In eukaryotic cells, the high energy-containing ATP molecules are formed in mitochondria by the 
process called oxidative phosphorylation, utilizing energy derived from oxidation of foodstuffs. In pho- 
tosynthetic membranes, light is the ultimate energy source for synthesizing ATP, in a process called 
photophosphorylation. As shown in Fig. 2, the green-plant thylakoid consists of three major protein 
complexes: PS II, the Cyt-b(f complex and PS I, connected together by the mobile electron carriers 
plastoquinone andplastocyanin. Fight-driven electron transport from H20to NADP ' induces the trans- 
port of protons into the thylakoid space. Additional protons are also formed from H 2 O by the oxygen- 
evolving complex during oxygen evolution. The resulting proton gradient provides the energy source for 
ATP synthesis by the enzyme called CFq‘F^-ATP synthase. 
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Fig. 2. A schematic representation of the green-plant thylakoid membrane showing the major components of its electron-transport 
chain in relation to proton translocation, proton gradient formation and ATP synthesis by the CFo*F,-ATP synthase. 

The conversion of ADP to ATP in the presence of ATP synthase is driven by proton gradient and 
membrane potential. Conversely, the same enzyme can also catalyze ATP-driven proton translocation, 
and in this reverse role it is called the ATPase. As we will see below from electron-microscopy studies, 
the morphology of intact ATP synthase from all sources appears to consist of three distinct regions: a 
mushroom-like headpiece called CF|, a basepiece called CFq, and a short stalk-like section connecting 
them, as shown schematically in Fig. 2, left. The hydrophobic, detergent-soluble CFothat is embedded 
in the membrane acts as a basepiece, for the hydrophilic, water-soluble part CFj which protrudes from 
the membrane into the stroma space in chloroplasts. The stalk region is made up ofparts from both CF^ 
and CFi subunits. As discussed below, the function of the hydrophobic CFq complex is to translocate, or 
conduct, protons across the membrane and thus serve as a vehicle for generating energy in the form of 
the “proton-motive force” (PMF). The function of the CF| complex is to catalyze the synthesis of ATP 
from ADP and Pj by utilizing the energy generated in the CFq complex. In this capacity, CF| must bind 
nucleotides and it is therefore also sometimes referred to as the “nucleotide-binding” protein. 

The water-soluble CF i headpiece can be readily removed by exposure to a medium of low ionic strength 
or by the use of a chaotropic agent such as urea. When CF^ is removed, the ability of the membrane to 
phosphorylate, i.e., convert ADP to ATP, is also lost. However, reconstitution of the removed CFj can 
restore ATP synthesis. For this reason, CF| was initially called the “coupling factor.” Thylakoid mem- 
branes with CFi removed are known to leak protons, but once CFi has been added back, leakage is 
stopped. This would seem to suggest that CFq is the normal pathway for proton flow, supplying protons 
to CF| for ATP synthesis. When CFq’F | isolated from a thylakoid membrane is combined with lipids to 
form liposomes, the resulting vesicles can function in energy transduction as in the native system. 

Nomenclature ofthe phosphorylating enzyme is quite complicated and sometimes confusing. A brief 
discussion of the nomenclature may be useful at this point. McCarty*^** has provided a good historical 
background for the nomenclature and clarified the various usages encountered in the literature. Note that 
the prefix “C” was introduced to designate the chloroplast origin of the enzyme and “F” for “factor.” The 
expression CFi was used by Vambutas and Racker 2 to mean chloroplast factor l^^in analogy with the 
coupling factor F i that participates in the coupling of ATP synthesis to electron transport in mitochon- 
dria. Note that CFq is not a coupling factor and furthermore the subscript is not zero “0” but the letter 
“O.” Efraim Racker has described in his book^ how he and Yasuo Kagawa observed that although 
ATPase activity in mitochondrial vesicles was sensitive to the antibiotic, oligomycin, the F| sector was 
not. However, reconstitution of F| with Fq restores oligomycin sensitivity to the ATPase activity of F|. 
Thus, Fq stands for the factor that confers oligomycin-sensitive activity to Fj . In this book we have 
chosen to use as subscript the capital letter “O,” not zero “0,” in CFq to make the subscript more distinct. 
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The nomenclature for ATP synthase is further complicated by still many other designations and variants 
thereof found in the literature. For instance, “H*-ATPase” has also been in common use to indicate its 
function in proton translocation. Other variants found in the literature for CFq*F ) (used in this book) 
include CFq-Fi^ CFpFo, CF|-CFo, etc. 

ATP synthesis in photosynthetic organisms, i.e., photophosphorylation, was discovered nearly fifty 
years ago. In 1954: Albert Frenkef^’ using membrane vesicles of purple bacteria, and Daniel Arnon 
and coworkers^, using spinach chloroplasts, reported light-induced phosphorylation almost simultaneously 
and opened up a new era in photosynthesis research. These investigations not only established the con- 
ditions necessary for ATP synthesis by photosynthetic membranes, but also established that ATP syn- 
thesis is closely related to electron transport. 

During the mid-1960s, Howell and Moudrianakis^ observed under the electron microscope a “knob” 
~10 nm in diameter, which they described as a “lollipop,” and which was later identified as CF| protrud- 
ing from the stromal surface of a negatively-stained thylakoid membrane. Soon Miller and Staehelin’, 
using negatively-stained, monolayer arrays of purified CFi complexes, were able to observe the hexago- 
nal symmetry of individual CF, knobs. 

During the late 1980s, electron microscopy was applied successfully to the study of structures of the 
CFo*Fi-ATP synthase and its component parts. In the early 1990s, the technique ofcryoelectron micros- 
copy gained increased use in structure studies of ATP synthase and its subcomplexes. Today, cryoelectron 
microscopy, atomic force microscopy and other newer techniques can be used along side traditional 
methods for such structure studies. In 1991, X-ray crystallographic analysis was used by Bianchet, Ysern, 
Hullihen, Pedersen and Amzel^to obtain a partial, three-dimensional structure ofrat-liver Fj-ATPase at 
3.6 A resolution. The structure of an Fj subcomplex from beef-heart mitochondria was determined at 2.8 
A resolution by Abrahams, Leslie, Lutter and Walker^ in 1994 and in 1997, the structure of the F] 
subcomplex of the thermophilic Bacillus PS3 at 3.2 A resolution was reported by Shirakihara, Leslie, 
Abrahams, Walker, Ueda, Sekimoto, Kambara, Saika, Kagawa and Yoshida^®. In recent years, NMR 
spectroscopy has also been used to complement X-ray crystallography and other methods for studying 
the structure ofthe smaller subunits ofF| and Fq in solution. Structural information obtained by X-ray 
diffraction and NMR spectroscopy will be presented later. 

In this chapter, we will describe the composition of the phosphorylating enzyme of chloroplasts as 
determined by SDS-gel electrophoresis and its structure as revealed by electron microscopy. These 
studies led to a preliminary model for the chloroplast ATP synthase. The remainder ofthe chapter will be 
devoted to two main topics: (photo)phosphorylation powered by proton translocation as described by 
Mitchell’s “chemiosmotic theory* V’ and recent investigations ofthe structure and function ofthe phos- 
phorylating enzyme in relation to Paul Boyer’s “binding-change mechanism*^^” and a model involving 
rotary motion ’ ’ of enzyme subunits during phosphorylation. 



II. Composition and Structure of Chloroplast ATP Synthase (CFo»Fi) 

Although the focus ofthis chapter is on the CFo'FpATP synthase from chloroplasts, it should be noted 
that ATP synthase from bacteria such as Escherrichia cpli, from mitochondria, and as well as from 
chloroplasts (EcFn»Fi. MFq’Fi and CFo’F], respectively) are all remarkably conserved at the tertiary 
and quarternary level and have a substantial homology at the primary level also. To make this point, the 
ATP synthases from different species are often described as “cousins.” What is also quite extraordinary, 
although perhaps not surprising, is that component parts from different sources may even be combined 
to construct a so-called “chimeric” Fq'Fi complex. In fact, subunits from chloroplasts or cyanobacteria*^ 
have been combined with those from E. coli to form an active ATP synthase, as have subunits from the 
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purple hacienuva Rhodospirillum rubrum been combined with those from chloroplasts*^. The properties 
of chloroplast ATP synthase have often been inferred from information derived from the bacterial and 
mitochondrial counterparts. For instance, determination of the three dimensional structure of MFq'F, 
subcomplex from bovine-heart mitochondria has been found to be very useful for the discussion of ATP 
synthases in general. Structural and biochemical information for the EcFq'Fi complex of Ecoli has also 
proved useful and will be discussed extensively throughout this chapter. 

The three morphologically distinct parts of intact ATP synthase, namely, the mushroom-like head- 
piece F], the basepiece Fq, and the stalk are shown in Fig. 3. The lengths of the three parts are approxi- 
mately 80, 60 and 45 A, respectively. It is known that F, from most sources consists of five types of 
subunits, designated as a, P, y, 6 and £ in the order of decreasing molecular weight with a stoichiometry 
corresponding to a 3 p 3 y 5 s.The molecular weights of the complete Fi subcomplex (a 3 P 3 y 68 ) from E. coli 
(EcF|), chloroplasts(CF|) and mitochondria (MF,) are 382,406 and 371 kDa, respectively. The a, P and 
y subunits found inmitochondrial F| are highly homologous to the corresponding subunits found in F| in 
bacteria and chloroplasts. However, the mitochondrial E-subunit is unique to itself, having only a low 
sequence identity with the corresponding e-subunit of bacteria and chloroplasts. 
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Fig. 3. General morphological features of ATP synthase complexes and the subunit composition of the F, and sectors. 

Of the species studied, Escherichia coli appears to have the simplest ATP synthase; it is therefore 
considered a prototype for ATP synthase in other species. The Fosector of E. coli ATP synthase consists 
of three different polypeptide subunits, a, b and c, with an approximate composition of 36209 /) 2 (see Fig. 
3). The hydrophobic transmembrane protein complex Fo in chloroplasts also consists of similar kinds of 
subunits, commonly designated as I, II, III and IV. In Fig. 3, these subunits are aligned with the corre- 
sponding a, b and c subunits ofE. coli for comparison. It should be noted that the mitochondrial Fq, on 
the other hand, may contain as many as ten subunits. 



HA. Subunit composition 

In this section we will discuss the composition and structure ofCFo, CF] and CFq'F) as determined 
primarily by SDS-PAGE analysis and electron microscopy. We will use the quantitative SDS-PAGE 
analysis ofFromme, Boekema and Graber'"^ to illustrate the composition of protein subunits in the CF| 
as well as the CFo*F| complexes. At the top ofFig. 4 is a mushroom-like entity representing the ATPase 
complex, the starting material for composition analysis. At the left are shown the elution patterns ofthe 
SDS-PAGE gel strip stained by Coomasie blue. The first strip is for the CF| complex that has been pre- 
incubated in 2% SDS-buffer at 20 °C for 20 min prior to electrophoresis. It is clear that the CF| complex 
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consists ofthe five subunits a, P, y, 8 and E, with corresponding molecular masses ofabout 60, 56, 39, 19 
and 14 kDa, respectively, as estimated by comparison with the molecular-weight standards whose den- 
sitometric scan is shown in the first column in the right panel ofthe figure. From information derived 
from the densitometric scans, the molecular composition ofCF| was estimated to be a 3 P 3 y 8 e, which 
would yield a molecular mass of approximately 420 kDa. This molecular-mass value is in excellent 
agreement with the A/-values of 420 kDa previously determined for CF| from the green alga Chlamy- 
domonas reinhardtii by Yoshida, Sone, Hirata, Kagawa and Ui'^ and with 400±24 kDa measured by 
sedimentation equilibrium, and 407±20 kDa found by light scattering measurements for the spinach 
chloroplast “coupling factor 1,” the latter two reported by Moroney, Lopresti, McEwen, McCarty and 
Hammes^®. 

When the CFq’F i complex was analyzed by SDS-PAGE, the gel strip showed, in addition to these five 
subunits, four other subunits designated as I, II, III and IV. (In the discussion of subunits of EcFq or 
MFq, only the letters a, b and c will be used.) As shown by the second strip at the left in Fig. 4 for the 
CFo*F( complex pre-incubated in 2% SDS at 20 °C for 20 m, subunits I, II, III and IV appear at positions 
corresponding to molecular masses of 18, 16, 100 and 20-25 kDa, respectively. It is important to note 
that subunit IV is only weakly stained by Coomassie blue and for this reason its small peak was previ- 
ously considered to be simply due to an impurity. However, Fromme, Graber and Salnikow^’ found that 
subunit IV can be strongly stained by silver. When corrected accordingly, the densitometric scan of the 
corresponding SDS-PAGE gel in the second column of the right panel is consistent with a one-to-one 
stoichiometry for all four complexes. Characterization of the subunit-IV protein as isolated by these 
authors by preparative SDS-PAGE confirmed that its amino-acid sequence was identical with that ofthe 
gene product of atpl of spinach and pea chloroplasts and homologous to subunit-a of the EcFo complex 
oiE. coli (see Fig. 3). 

Interestingly, when the CFo*F| complex was preincubated for 5 m in 2% SDS at 95 °C instead of20 °C, 
the electrophoresis pattern shown in the third strip of the left panel is substantially the same as that 
obtained from the sample incubated at a lower temperature, except that subunit III which originally 
appeared at the 100-kDa location is no longer there but, instead, there is now a protein band with a 
molecular mass of 8 kDa. By preincubating the CFq*F| complex at an intermediate temperature, say, 
56 °C, for 20 m, only part ofthe 100-kDa band disappeared and a lower intensity 8 -kDa band was seen 
(not shown). These results suggest that the original 100-kDa band represents a rather stable, supra- 
molecular complex, and that under incubation at an elevated temperature, it dissociates irreversibly into 
about 12 monomeric subunits, each with a molecular mass of 8 kDa. If this is correct, the results show 
the 100-kDa multimeric subunit to consist ofabout twelve copies of monomeric subunits of subunit III. 
Because ofthe stability ofthe multimeric, 100-kDa form of subunit III, the supramolecular complex III 
is considered to be a stable structure present in the native CFo*Fi complex of the thylakoid membrane. 
Allowing for some uncertainty in the molecular mass of subunit II, the stoichiometry of CF(>niay be 
expressed as IV*I*IHII|2 (or, IV*I/II*IIIi2 or a*b/b'*Ci2), when “HI” now represents the 8 -kDa mono- 
meric subunit. 



II.B. Structure of the Chloroplast CFq, CF-, and CFq’Fi Complexes; An Earlier Model 

In the last few years, significant advances have been made in our knowledge of the structure of the 
CFq, CF| and CFq'F) complexes using electron microscopy and the power of this technique and its 
extension is illustrated by the work ofBoekema, Fromme and Graber’^ which led to the development of 
a preliminary model for the structure ofthe chloroplast ATP-synthesizing complex. 
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Fig. 4. SDS-PAGE gel of CF, preincubated in SDS buffer at 20 °C for 20 min (left panel, first column) and the CFq'Fi complex 
preincubated In SDS buffer at 20 ®C for 20 min or at 95 °C for 5 min (left panel, second and third columns, respectively). Right 
panel, densitometric scan of SDS-PAGE gel containing molecular-weight standards. The second and third densitometric scans 
are for the corresponding gel strips in the left panel. Gel-strip images are from GrSber, Fromme, Schmidt and Boekema (1988) 
Structure of the ATP-synthase from chloroplasts as reveaied from biochemicai studies and electron microscopy, in The Ion 
Pumps: Structure, Function and Regulation, p 68. Alan R Liss. Densitometric-scan images are from Fromme, Boekema and 
Graber (1987) Isolation and characterization of a supramolecular complex of subunit III of the ATP synthase from chloroplasts. 
Z Naturforsch 42C: 1241. 

II.B. 1. Structure of the 100-kDa Subunit III (or Subunit c) of CFq 

Under the electron microscope, aggregates of the 100-kDa subunit III appear as strings of variable 
length, with as many as 40 repeating units, the subunits apparently attached to one another via their 
hydrophobic regions in vitro [see Fig. 5 (A)]. The variation of this width of the strings indicates that the 




672 



repeating unit of each string consists of either one, two or three 100-kDa complexes, attached end-to-end 
in the case of the dimeric and trimeric units. Electron micrographs of strings formed by monomeric, 
dimeric and trimeric units are shown in panels (a), (b) and (c), respectively, of Fig. 5 (A). Note that in the 
case of strings formed by the dimeric repeating units, a faint dividing line can be discerned between the 
two monomeric subunits. 

Fig. 5 (B) shows a graphic representation of the corresponding images in panel (A). Here “a|”, “ 82 ” 
and “ 33 ” are the overall widths of the strings formed from monomeric, dimeric and trimeric repeating 
units, respectively. The distance between the repeating units along the string is “b.” Detergent (SDS) 
molecules are presumed to be attached to the exposed hydrophobic end surfaces of each repeating unit, 
providing a lipid environment for the c subunits comparable to that present for native CFo in the mem- 
brane. It is also assumed that no detergent molecules are present in between the 100-kDa subunits in 
each dimeric or trimeric units. The length of a SDS detergent molecule is designated as “c;” the net 
width of one 100-kDa subunit-III is designated as “d.”. 

The measured a values for the three repeating units are listed below panel (B) in Fig. 5. Given the 
above assignments, we would have: ai=2c+d, a 2 = 2 c+ 2 d, and a 3 = 2 c+ 3 d.The length ofthe SDS molecule 
(c) was given the value of 2.2 nm. From the measured overall widths ofthe three types of repeating units, 
the width ofthe 100-kDa subunit turns out to be 6.2 nm. The distance between the repeating units (b) is 
measured to be 6.1 nm, which would be the width ofthe c subunit through the membrane. A plot ofthe 
measured widths ofthe repeating units vi'. the number ofthe 100-kDa subunits contained in them is 
shown in Fig. 5 (C). It can be seen that the width of each complex III is estimated to be 6.2 nm. The line 
for the overall widths ofthe repeating unit extrapolated to zero number ofc subunits is 4.4 nm, which, as 
expected, is twice the length of two SDS molecules present at the two ends ofthe repeating unit. Interest- 
ingly, Boekema, Schmidt, Graber and Berden^^ found that isolated CFq*F| complexes also can form 
similar strings in solution, and that an identical dimension was estimated for subunit-III. 

From the SDS-PAGE results described in Fig. 4, the minimum stoichiometry of the CFq complex 
would be IV*I/II*III ]2 (a*b/b'*C| 2 ). The amino-acid sequence and the derived polarity profile of subunits 
I, III and IV are known: subunit III is envisioned to traverse the membrane as a hairpin containing two 
helices per 8 -kDa subunit, subunit I has one transmembrane helix plus a large hydrophilic segment, and 
subunit IV has a five- or six-helix structure (see Section IV.C.2. below for further discussion). Three 
hypothetical models with two highly symmetrical and one somewhat asymmetric arrangement of the 
helices have been proposed to accommodate the known subunits. The top views of the three models are 
shown in Fig. 5 (D) where each helix is represented by a circle and assigned a diameter of 0.9 nm. The 
helix pairs for subunit III are shaded differently to facilitate differentiation, and the two helices for each 
subunit III is tied by a thick line. The total assembly results in a diameter of 6.2 nm, agreeing with the 
measured value for CFq, for the two symmetrical arrangements. Subunits III in model (D, a) are ar- 
ranged symmetrically in identical positions in a ring, with the other seven helices filling the center space. 
In model (D, b), subunits III are arranged in two nonidentical sets, with six other helices belonging to 
subunits I, II and IV arranged around the periphery and one in the center. The first two models are similar 
to those reported previously by Cox, Fimmel, Gibson and Hatch^° and by Sebald, Webber and Hope^*, 
respectively. In the model shown in Fig. 5 (D, c), subunits I, II and IV are located outside ofthe ring of 
twelve subunits III. In order to conform to the measured diameter of 6.2 nm for CFq, subunits III are 
arranged in a less than perfect circular shape. As will be discussed in more detail later in section IV.C.2., 
based on more recent electron-microscopic imaging work and extensive mutagenesis studies, model 
(D, c) appears to agree in part with the current view ofthe EcFq structure, namely, that 9-12 c subunits 
form a ring and that the subunit domain 3*62 is located outside (see further discussion in Section IV.C.2. 
below). 
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Fig. 5. Electron micrographs of the 100-kDa complex or subunit 111 isolated from chloroplast CFq and their possible arrangements. 
(A) Strings formed by monomeric (a), dimeric (b) and trimeric (c) repeating units of the 1 00-kDa subunit 111; (B) A graphic represen- 
tation of the various dimensions in the corresponding subunit-lll strings (see text for definitions of the various dimensions of the 
string units); the measured values in nm for the various dimensions transverse to the string axis are also listed; (C) is a plot of the 
width of the aggregated repeating unit vs. the number of subunits III; (D) Models for three possible arrangements of the different 
subunits in CFo (viewed from the stroma side). Figure source; Boekema, Fromme and GrSber (1988) On the structure of the ATP- 
synthase from chloroplasts. Ber Bunsenges Phys Chem 92: 1034,1035. 



II.B.2. Structure of the CFi Complex 

Electron-microscopy studies of the MF| complex of mitochondria were reported by several groups 
during the early 1980s^^’^^. The results showed that the MF| complex is composed of two layers of the 
large a- and P-subunits in the form of an inverted pyramid with areas of -11.5x11.5 nm and 8 nm thick. 
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The electron-microscopic technique was subsequently used by Boekema, Berden and van Heel^"^ in 1988 
to study theCFi complex of ATP synthase isolated from spinach chloroplasts. 

These authors introduced erythrocruorin molecules, a large earthworm hemoglobin, each with a 
molecular mass about eight times that ofCF|>into the specimen ofCFi particles for the purpose of 
improving the distribution ofthe negative stain (uranyl acetate) over the CF| particles. A typical electron 
micrograph showing CF | particles mixed with the large erythrocruorin molecules is shown in Fig. 6 (A). 
Although a clear subunit structure ofCFj complexes can be seen in the electron micrograph, no fine 
details can be obtained directly from the single-molecule projections. However, images of a large num- 
ber of samples can be aligned relative to a single reference image, by computer manipulation and summed 
to improve the signal-to-noise ratio [S/N] provide an image with more detailed structural information. 
For this analysis, 3300 selected images were partitioned into 9 final “classes,” each containing 240 to 
360 individual images. Examples of two molecular projections with enhanced S/N ratios are shown in 
Fig. 6 (B). Fig. 6 (C) shows two projections, one for an intact CF| complex and one for the complex with 
both 5- and E-subunits depleted, both obtained by improved image-analysis techniques. All projections, 
including the two shown in Fig. 6 (B) appear hexagonal and consistent with the notion of an hexagonal 




Fig. 6. (A) Electron micrograph showing chloroplast CF, particles mixed with erythrocruorin and stained with uranyl acetate; (B) 
Two samples of nine classes of signal-enhanced molecular image projections of CF). (C) Recently obtained image projection for 
intact CF) [left] and with 8 and r.-subunits removed [right], ;.e., (a 3 *^ 3 *y 6 *E) and (aj'Ps'y), respectively. (D) ATP synthase model; 
above the model is a top view of CF) sketched from projection images in (B). See text for other details. Figure source: (A) and (B) 
Boekema, Fromme and Graber (1988) On the structure ofthe ATP synthase from chloroplasts. Ber Bunsengesel Phys Chem 92: 
1032-1033; (C) Boekema and Liicken (1996) The structure ofthe CF^ part of the ATP-synthase complex from chloroplasts. In: DR 
Ort and CF Yocum (eds) Oxygenic Photosynthesis: The Light Reactions, p 490. Kluwer. (D) Boekema, Fromme and Graber 
(1988) On the structure ofthe ATP-synIhase from chloroplasts. Ber Bunsenges Phys Chem 92:1035. Figures (A, B) and (C) are 
kindly furnished by Dr. Peter Graber and Dr. Egbert Boekema, respectively. 
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arrangement of alternating a- and P*subunits. As it can be reasonably assumed that the phosphorylating 
enzyme assumes different conformations during the ATP-synthesis cycle, the different classes of pro- 
jections obtained in the multi-reference alignment could possibly represent different conformational or 
catalytic states of the enzyme “frozen in” during the sample preparation. 

Analysis of a large number of such hexagonal-shaped image showed that the central portion in CF, is 
usually split into two parts, one with an overall shape of a “V” asymmetrically placed in the center cavity 
of the enzyme and another apparently with a smaller mass. The V-shaped image and the smaller one 
have been attributed to the y*E subunit domain and subunit 5, respectively [see Fig. 6 (D) top]. 

The combined results of all the electron microscopic measurements alluded to in this section as well as 
results that had been reported by other laboratories present a model for the holoenzyme CFo»F| embed- 
ded in a lipid bilayer, as shown in the lower portion ofFig. 6 (D). In this model, the a- and P-subunits in 
CF^ are shown distributed in two overlapping layers, with the a-subunits closer to CFq. The smaller y-, 
8- and E-subunits are asymmetrically distributed in the center surrounded by the a- and p-subunits. In 
the upper portion ofFig. 6 (D) is a top view ofCF| drawn on the basis of signal-enhanced projections, 
such as those shown in Fig. 6 (B) and (C). The total length of CFq was found to be 8.3 nm. Although 
there was a lack of definitive information regarding subunits I, II and IV at the time, they were posi- 
tioned above and below subunit III. The cylinder formed by the 8-kDa component of subunit III was 
considered to be the main pathway for proton translocation. The function of subunits I, II and IV in 
establishing a pathway for proton translocation or forbinding CF| was unclear at the time . 

More recently, cryoelectron microscopy has been applied to the study ofthe F | complex. In cryoelectron 
microscopy micrographs are taken of unstained native specimens that have been rapidly frozen to -100 
K in a thin layer of amorphous ice. Cryoelectron microscopy preserves the specimen in its native state 
and thus avoids possible instability and denaturation of protein samples when stain is used. Figure 7 
shows two examples ofthe initial cryoelectron micrographs oftwo reconstituted Fo*F,-ATP synthases. 
Each image in Fig. 7 is the result of signal averaging about 500 side-view images. The left panel shows 
a side view ofthe intact E coli Fo*F| reconstituted into a membrane as obtained by Gogol, Liicken and 
Capaldi^^. The micrograph shows quite clearly a globular F| with a diameter of -100 A. The 
pseudohexagonal axis ofthe a- and P-subunit ring is normal to the membrane. Most ofthe Fo sector is 
embedded in the 50-A thick membrane but appears to protrude in the direction of Fj by -10 A, the two 
being linked by a stalk 45 A long and 25-30 A in diameter. 



EFo'F,-ATP synthase 





CFo F,-ATP synthase 



Fig. 7. Side view of the EcFo'F) (left) and CFq'F, (right) ATP synthases obtained by cryoelectron microscopy. See text for 
discussion. Figure source; (A) Capaldi, Aggeler, Turina and Wilkens (1994) Coupling between catalytic sites and the proton 
channel in F^Fo-type APTases. Trends in Biochem Sci 10: 285; (B) Bdttcher, LOcken and Graber (1995) The structure of Ft - 
ATPase from chloroplasts by electron cryomicroscopy. Biochem Soc Trans 23: 783. (B) is kindly provided by Dr. Peter GrSber. 
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Likewise, a cryoelectron micrograph of an active CFq*F|-ATP synthase reconstituted in liposomes 
was obtained by Bottcher, Liicken and Graber^^ and is shown in the right panel of Fig. 7. The CFo*Fp 
ATP synthase also shows a membrane-integrated Fq sector connected by a thin stalk to the base of an 
approximately spherical F[ sector protruding into the aqueous environment. The CFo*F| has a total 
length of 16.6 nm normal to the membrane. The CF| and CFq sectors contribute ~7.7 and 5.2 nm, 
respectively, to this length, leaving ~3.7 nm for the gap bridged by the stalk. The widths of the F|, Fq 
sectors and the stalk are 8.7, 1 1.5 and 1.4 nm, respectively. The shape, dimensions and mass distribution 
of the CF) sector as reported were in general agreement with data obtained by X-ray diffraction analysis 
for the mitochondrial Fj subcomplex to be discussed in Section IV. B. 1. below. However, it was judged 
that the widths of Fq and the stalk were over- and underestimated, respectively, based on the correspond- 
ing negatively stained, electron-microscopic images. Ifthe reasonable assumption that Fo,is asymmetric 
in shape is made, it would then extend more to one side, and the overestimated width could be the result 
ofthe superposition of images pointing toward different directions in the image summation process. The 
authors attributed the underestimate ofthe stalk diameter to an optical distortion ofthe images ofthe thin 
stalk by overlap of Fresnel fringes surrounding the protein parts. Furthermore, the reconstituted CFq’Fi 
was enzymatically active before freezing and after thawing, indicating that the stalk is an integral part of 
the structure ofthe fully active holoenzyme. 

In addition to the extensive results obtained by electron-microscopy on the structure of the ATP syn- 
thase holoenzyme and its component parts as described here, recent results have also been obtained by 
both X-ray diffraction analysis andNMR spectroscopy and will be presented in later sections. 

III. The Chemiosmotic Theory and ATP Synthesis 

ATP synthesis is driven by electron transport, which generates the needed chemical energy. The man- 
ner in which these two reactions are coupled can be explained by the “chemiosmotic theory” proposed 
by Peter Mitchell'* in 1961. The essence ofthe “chemiosmotic” or “electrochemical gradient” theory is 
that phosphorylation is coupled to electron transport through a “proton translocation” mechanism. Fig. 8 
illustrates how proton translocation is coupled to phosphorylation in green-plant thylakoid membrane 
and in the membrane of photosynthetic bacteria, where in each case the energy source is light. In chloro- 
plasts, photons are initially absorbed by the light-harvesting chlorophyll molecules, which transfer the 
excitation energy to the reaction center. When the reaction-center chlorophyll of photosystem II (P680) 
or the bacterial reaction-center P870, becomes excited, charge separation takes place. In green plants, 
algae and cyanobacteria, the primary oxidant formed during the charge separation is used in the splitting 
of water. Each water molecule oxidized releases two protons into the thylakoid lumen and two electrons 
which are captured by plastoquinone, i.e., PQ + H20-^2H'^ + '/202+PQ^~. The reduction ofPQ requires 
not only two electrons but also two protons which come from the stroma, i.e., PQ* +2H^ -> PQH 2 . PQH 2 
then reduces the cytochrome b(f complex, and during this process two protons are released into the 
interior and two electrons are transferred through the cytochrome b(f complex (see Chapter 35) and 
eventually to plastocyanin and then to P700*, formed by charge separation in photosystem I. On the 
reducing side of photosystem I, electrons are transferred through a series of electron acceptors and 
finally to NADP^ through the mediation of ferredoxin- NADP^ -reductase (FNR). The reduction of NADP"^ 
requires two electrons but only one proton, i.e., NADP'^+2e"+H'^->NADPH. In summary, when two 
electrons are passed through the electron-transfer chain, four protons are translocated, and a proton 
gradient amounting to as much as 3-4 pH units is generated across the membrane. In chloroplasts, the 
flattened thylakoid limits the lumen space and consequently has a large effect on the lumen pH even for 
the small number of influxed protons. Ifthe pH ofthe stroma is 8 and the lumen pH is 4, the difference 




Chapter 36 Proton Translocation and ATP Synthesis 



677 




Fig. 8. Arrangement of the photosynthetic reaction centers. (A) Cytochrome b/and ATP synthase in the green-piant thyiakoid 
membrane and (B) the Cyt be, complex and ATP synthase in the plasma membrane of photosynthetic bacteria. 

in pH would represent a 10,000-fold difference in proton concentration, resulting in a powerful driving 
force for ATP synthesis. In photosynthetic bacteria, light-induced electron transport and proton translo- 
cation also occur, hut the proton flow is from the cytoplasmic interior to the periplasm outside, and ATP 
synthesis is driven instead hy the proton flow to the inside of the cell from the outside [see Fig. 8 (B)]. 
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The potential free energy associated with the formation of the proton gradient is called the “proton 
motive force” (PMF), the counterpart of the electro-motive force (EMF), and represented by the symbol 
AfiH*- PMF consists of two components, one of which is associated with the difference between the 
proton concentrations on the inside (i) and outside (o) of the membrane, i.e., ([H^]; - [H'"]o). As proton 
concentration can be expressed in terms of pH, the proton-concentration difference can be written as 
ApH, i.e., -log,([H*]j / [H*]o),and the potential difference in volts written as 2.3(RT/e^*ApH wherec^is 
the Faraday constant. The second component of PMF arises from the fact that protons are positively 
charged, and so there is an electro-static transmembrane potential, designated as AT. When PMF, Apnh 
is expressed as the sum of the proton-gradient term and the membrane-potential term, we have 

ApH* = -(RT/c^0*ln([H1i / [H;y + AT = -2.303(RT/c^^ ApH + AT 

In a proton gradient, protons tend to migrate from an area of high concentration to one of lower 
concentration. So when a proton-concentration difference is developed during electron transfer, protons 
have a tendency to reverse-migrate across the membrane. When protons reverse-migrate, the energy 
stored in the proton gradient can be utilized for the synthesis of ATP. The bottom portions of Fig. 8 (A) 
and (B) show the synthesis of ATP driven by protons flowing though the respective ATP-synthase 
enzymes, Fo'Fj. 

In chloroplasts, the magnitude of Apn" is due to the pH gradient. The reason for this is that the thyla- 
koid membrane is quite permeable to other ions such as CF and Mg^' [see Fig. 8 (A)]. Consequently, 
light-induced transfer of H Hnto the thylakoid space is readily accompanied by the transfer of Cl ions in 
the same direction and Mg^^ ions in the opposite direction. As a result, electrical neutrality is very nearly 
maintained, virtually no membrane potential is generated, and the contribution by the AT term is negli- 
gible. 

Continuous illumination of chloroplasts placed in a medium of pH 7 can develop a transmembrane 
proton gradient (ApH) of as much as 3.5 units. This pH difference is equivalent to a potential difference 
of 0.2 V (=0.059x3.5) or 19.3 kJ»mol"'. Forming one ATP requires the translocation of three protons 
through the CFq'F) complex, equivalent to ~ 58.6 kJ'moF'. When the ApH generated by a proton gradi- 
ent is less than 2, the corresponding energy is insufficient for synthesizing ATP. 

The extent of coupling between photophosphorylation and electron transport in chloroplasts is usually 
expressed by the ratio of ATP formed per pair of electrons transferred, written as ATP/Cj or P/Cj. This 
parameter expresses the amount of ATP formed divided by the number of pairs of electrons transferred 
through the electron-transfer chain. The P/Bj ratio for phosphorylation coupled to the transfer of elec- 
trons from water to photosystem I can be computed by taking the HVe’ ratio of 2 (4 protons per electron- 
pair transferred) and the HVATP ratio of 3 (three protons required to flow through CFq’F | to produce 
one ATP), to obtain the P/e, value of 1.33. 



III.A. Energy-Conservation Sites aiong the Eiectron-Transfer Chain 

The transfer of two electrons along the electron-transfer chain encompassing photosystems I and II in 
chloroplasts generates four protons and builds up a transmembrane proton gradient for driving ATP 
synthesis. There are two native coupling sites for energy conservation along the electron-transfer chain 
in the thylakoid membrane. A coupling site may be identified by blocking the electron transfer near the 
site with an appropriate inhibitor [see illustration inside box in Fig. 8 (A)]. The site at which protons are 
liberated during oxidation of water on the lumen side of the membrane is called the “energy-conserva- 
tion site II” (EC II) and can be isolated by using the plastoquinone “antagonisf’ DBMIB, which is 
presumed to bind the Rieske iron-sulfur protein in the /(^complex that oxidizes plastohydroquinone. 
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In this case, neither oxygen evolution nor the Hill reaction is inhibited provided that an artificial electron 
acceptor such as benzoquinone is provided to complete the partial electron-transfer segment. The other 
energy-conservation site (EC I) is associated with the PS-I segment. EC I can be isolated by using 
DCMU, which inhibits electron flow from the primary acceptor to the plastoquinone pool. The two 
energy-conservation sites isolated by the two inhibitors can each undergo coupled proton translocation 
leading to ATP synthesis when an appropriate artificial electron donor and/or acceptor is provided, with 
each site achieving a P/Bj ratio of 0.66. 

We will now show an example illustrating photophosphorylation coupled to EC I of the PS-I segment 
supported by artificial electron donors. These examples will also demonstrate the importance of proton 
translocation for ATP synthesis, in support of the chemiosmotic theory. The scheme in Table I (A) 
shows that when electron transfer to PS I is blocked by DCMU, electron transfer through PS I can be 
maintained by the addition of artificial electron donor Dj. To preserve the physiological pathway, NADP^ 
was used as the electron acceptor for ferredoxin in the presence of the reductase, ENR. The three artifi- 
cial electron donors (Di) that were used are the reduced forms of DCIP (2,6-dichlorophenolindo-phe- 
nol), DAD (diaminodurene, or Cj,Cj,C,,C^-tetramethyl-p-phenyIenediamine) and TMPD (N,N,N',N'- 
tetramethyl-p-j)henylenediamine). The experimental results for the three donors are listed in (B). The 
donors were used at 10'‘* M concentration in the presence of 3x10'^ M ascorbate. The entry point for the 
three donors is plastocyanin and the electron- transfer pathway may be an artificial energy-conservation 
site rather than the native energy-conservation site I. Consequently reactions involving these three donor 
molecules are insensitive to either DCMU or DBMIB but sensitive to CN' that acts on plastocyanin. 
ATP assay indicates that photophosphrylation is coupled to electron transport for two of the three donors 
used. As seen from (B), all three donors give good yield in NADP^ reduction. However, only electron 
transfer involving DCIP or DAD is coupled to photophosphorylation. DAD gives a particularly high 
ATP yield. Also, the P/C 2 value for DCIP is close to 0.66 and that for DAD is even higher. 



(A) 



(C) 



(B) 
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DAD 


132 


135 


1.02 


TMPD 


84 
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Reaction conditions: 2X10 ® M DCMU; 10'^ M D, ; 3X10'® M Asc. 
Yieid in NADPH and ATP in pmoles / mg Chl-/j 
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Table I. (A) Photoreduction of NADP* and coupled photophosphorylation using an artificial electron donor to PS I isolated by 
DCMU treatment of chloroplasts; (B) lists the NADPH and ATP yields in the presence of DCIP, DAD or TMPD as the electron 
donor; (C) Chemical structure and electrochemical behavior of TMPD and DAD. Data in (B) from Hauska, Oettmeier, Reimer and 
Trebst (1974) Studies of artificial electron donors for photosystem I across the thylakoid membrane. Z Naturforsch 30c: 39. 
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The interesting fact is that DAD and TMPD, both having the same formula (CioHigNj) and very 
similar molecular structure, would hehave so differently with respect to ATP synthesis. This puzzle was 
readily explained hy Trehst^* who noted that the (tetramethyl)-N-suhstituted compound loses only one 
electron and becomes a stable cationic radical called “Wusters Blue,” whereas the C-substituted DAD 
not only loses two electrons but also liberates two protons upon oxidation, forming an uncharged diimine. 
The lack of ATP synthesis with TMPD is consistent with the chemiosmotic theory, as ATP synthesis is 
expected only through coupling to electron flow by way of proton translocation. 

An appropriate electron carrier such as PMS (5-N-methyl-phenazonium methylsulfate) can mediate a 
cyclic electron transfer around photosystem I. PMS mediates the cyclic electron flow by serving as an 
electron acceptor on the reducing side of PS I with the reduced PMS serving as a donor of electrons 
directly to photooxidized P700, as illustrated in Fig. 9 (A). Thus a simple system containing just photo- 
system I embedded in a closed membrane system that also contains the ATP synthase plus the electron 
carrier PMS should in principle carry out photophosphorylation. Indeed, Hauska, Samoray, Orlich and 
Nelson^^ prepared such a simple, minimum system using purified individual membrane complexes of 
chloroplasts, namely, photosystem I and ATP synthase, plus a soybean phospholipid (asolectin) as the 
membrane matrix to demonstrate its expected effectiveness. 

These authors used an enriched PS-I complex with a Chl/P700 ratio of -120 prepared by the method of 
Bengis and Nelson^®. The first step in preparing the liposome system was the incorporation of the PS-I 
complex into lipid vesicles by sonication, at a lipid-to-chlorophyll ratio of 100 (w/w), in the presence of 
PMS (50 pM). The reduced PMS will be expected to donate electrons directly to photooxidized P700 
(P700^) while the oxidized PMS will presumably be reduced by PS I at the FeS-A/B or P430 site, as 
shown in Fig. 9 (A). The next step involves the insertion of the purified ATP synthase complex by 
diluting it in a small volume containing the preformed PS-I reaction-center liposomes. Substrate phos- 
phate was radiolabeled with ^^P. The phosphorylation reaction was quenched by trichloroacetic acid and 
ATP yield was analyzed by isotope counting of extracted ^^Pj. 

As shown in Fig. 9 (B), left, under illumination at an intensity ofO.2 an ATP formation rate 

of 40 pmoles*mg ChF'*/?"' was obtained. PS-I reaction-center liposomes alone were inactive as well as 
the ATP synthase complex alone. The non-vesicular PS-I reaction-center complex plus the ATP 
synthase complex gave a negligible activity. Fig. 9 (B), right shows that the model system maintained a 
stable rate up to at least one hour of illumination. Furthermore, photophosphorylation in the model 
system is sensitive to the energy-transfer inhibitor DCCD (dicyclohexylcarbodiimide) [see next section 
on a description of inhibitors and uncouplers] as well as valinomycin, particularly in the presence of 
NH4CI. The maximum rate of photophosphorylation catalyzed by the model system on a chlorophyll 
basis is about 10% of that found in chloroplasts. Compared to CN“-treated chloroplasts, which lack 
functional plastocyanin and are thus comparable to the model system in regard to the entry site for the 
electron donor, the relative rate reaches 30%. The authors attributed the low rate of photophosphoryla- 
tion to a possible heterogeneity of the PS-I reaction centers in the liposomes, in that a certain fraction of 
the reaction-center complexes may not be incorporated in a proper orientation in order for a sufficient 
proton gradient to be achieved for ATP synthesis. 

In 1996, Caldera, Rigaud, Bottin and Dunach^' reported that reconstituting the PS-I reaction center 
from the cyanobacterium Synechocystis sp PCC 6803 into phosphatidylcholine/phophatidic acid lipo- 
somes using a new reconstitution procedure called “co-reconstitution,” apparently improved the ATP 
synthase activity. The most efficient reconstitution was obtained by insertion of the protein complexes - 
Synechocystis PS-I reaction-center and the CFo*F,-ATP synthase from either spinach chloroplasts or 
the thermophilic bacillus PS3 - into preformed liposomes destabilized by a saturating amount of 
octylglucoside. The new reconstitution method apparently produces a homogeneous population of large- 




Chapter 36 Proton Translocation and ATP Synthesis 



681 



size liposomes with a low ionic permeability. In the presence of PMS and ascorbate, liposomes contain- 
ing the PS-I reaction center develops a large light-induced proton gradient as measured by 9-aminoacridine 
fluorescence or by pH measurement. Most of the proton transport appears to be directed inward, sug- 
gesting a high degree of orientation of the protein complexes. The authors demonstrated that co-recon- 
stitution of CFq'Fi-ATP synthase from chloroplast or the thermophilic bacterium PS3 could under ap- 
propriate conditions catalyze a light-induced ATP synthesis at an elevated rate. 




Time, /n 



Fig. 9. (A) Schematic representation of photophosphorylation in a reconstituted liposome containing photosystem-l reaction 
centers and CFq'Fi ATP synthase, both purified from spinach chloroplasts, using PMS as the electron donor/acceptor system. (B) 
Rate of photophosphorylation as a function of light intensity (left) and time dependence of reconstituted photophosphorylation 
(right). Figure source: (B) Hauska, Samoray, Orlich and Nelson (1980) Reconstitution of photosynthetic energy conservation. II. 
Photophosphorylation in liposomes containing photosystem-l reaction center and chloroplast coupling-factor complex. Eur J 
Biochem 111: 540. 
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III.B. Uncouplers and Energy-Transfer Inhibitors 

Electron-transfer inhibitors, uncouplers and energy-transfer inhibitors serve as useful tools for delineat- 
ing the mechanism of photophosphorylation and energy transformation in chloroplasts. The transfer of 
two electrons along the electron-transfer chain encompassing photosystems I and II results in the transfer 
of four protons from the stroma to the lumen space and thus builds up a proton gradient to drive ATP 
formation. As mentioned above, the two energy-conservation sites can be isolated by two inhibitors and 
each site can undergo coupled proton translocation leading to ATP synthesis, each with a P/c 2 ratio of 
0 . 66 . 

Photophosphorylation may be inhibited by a large number of chemical reagents, and the mechanism of 
inhibition depends on the site and nature of the inhibitors. Of course, inhibitors of electron flow abolish 
ATP synthesis when no artificial donor or acceptor is provided, as the source of the driving force for ATP 
synthesis, the proton gradient, is not generated. A reagent that causes a decrease in phosphorylation effi- 
ciency, i.e., the P/c 2 ratio, is called an “uncoupler.” In this case, ATP synthesis is said to be uncoupled 
from the electron flow. The chemiosmotic theory provides a rationale for explaining the uncoupler action, 
namely, an increase in the permeability of the membrane to protons, thus preventing the buildup of an 
electrochemical proton gradient. Since proton translocation is a direct consequence of electron flow, a 
proton gradient exerts a counter pressure on electron flow, and thus the rate of electron flow should be 
enhanced when the proton gradient is dissipated by an uncoupler. When an uncoupler is, in fact, present, 
the rate of electron transfer is often greatly accelerated, but phosphorylation is inhibited. Several modes of 
action by uncouplers and energy-transfer inhibitors in the thylakoid membrane are depicted in Fig. 10. 

Ammonia and simple aliphatic amines were among the first uncouplers reported for photophosphoryla- 
tion by Krogmann, Jagendorfand Avron^^ and by Good^^, respectively. Ammonia and simple aliphatic 
amines in their lipid-soluble, unprotonated forms can freely permeate the thylakoid membrane. Once in- 
side, they can take up protons and be converted to the corresponding ammonium ions [Fig. 10 (B)]. To 
maintain electrical neutrality, the accumulation of ammonium ions results in the influx of anions. The 
accumulation of ammonium salts inside consequently results in an osmotic influx of water and swelling of 
the thylakoids. 




Fig. 10. ScJiemalic representation of the thylakoid membrane and various modes of action by uncouplers, energy-transfer inhibitors, and 
protonophores. 
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One class of compounds, including DNP (2,4-dinitrophenol) and C[F]CCP (carbonylcyanide m-chloro 
[/ 7 -trifluoromethoxy] phenylhydrazone) can act as powerful uncouplers for both oxidative phosphoryla- 
tion and photophosphorylation. CCCP is a lipophilic, weak acid with a of 5.95 and in the concentra- 
tion range of 1 0'^ to 1 0^ M [see Fig. 10 (E)] acts by binding a proton on the acidic side ofthe membrane, 
diffusing through the membrane, and then releasing the proton on the alkaline side, resulting in a dissipa- 
tion of the gradient. Such uncouplers are also called proton-transporting ionophores or protonophores. 

Another carrier-type ionophore is valinomycin. V alinomycin is a natural antibiotic from Streptomyces 
and consists of a cyclic depsipeptide structure containing both peptide and ester bonds. The hydrophobic 
valinomycin backbone surrounds a K'* with its hydrophilic coordination shell acting like a “bracelet.” 
However, it maintains a hydrophobic exterior by projecting its methyl and isopropyl groups outward, 
making the K'^-valinomycin complex permeable to the lipid membrane. Valinomycin binds (as well as 
NH^'^ and the unimportant Rb'^) but can discriminate against the smaller ions Na^ or Li^’ with a 1 0‘*-fold 
difference in binding affinities. A single valinomycin molecule can transport at the remarkably high rate of 
1 O'* per sec across the membrane. V alinomycin, in the presence of and when used in combination 
with another uncoupler, such as DNP, which induces H'” permeability, can result in an uncoupling in 
chloroplasts that does not occur with either compound alone. Under this condition, an ionophoric exchange 
of H'^ for K'^ takes place, as shown in Fig. 10 (C). Other ionophores such as nigericin and gramicidin (see 
below), each of which by itsself catalyzes such exchanges, are also known to be effective uncouplers. 

Another type of ionophoric uncoupler is the channel former, which forms transmembrane channels 
through which selected ions can diffuse. One example ofthe channel-former ionophore is the antibiotic 
gramicidin. Gramicidin is a 15-residue polypeptide of alternating L and D residues and is blocked at the 
N-terminal (valine) by formylation and with ethanolamine at its C-terminal. Two gramicidin molecules 
dimerize in ahead-to-head fashion through hydrogen bonding between their N-terminal formylated valine 
residues to form a transmembrane channel [see Fig. 10 (A)]. The water-filled transmembrane channel 
formed by the gramicidin dimer allows K*, NH 4 " and other small ions to pass through at an exceed- 

ingly high rate. Gramicidin uncouples phosphorylation without inhibiting electron flow even at very high 
concentrations. Gramicidin can produce a synergistic effect on uncoupling by NH 3 . The effect may be 
explained by the fact that the NH 4 '^ that is accumulated in the thylakoid lumen in response to light-driven 
uptake can leave gramicidin via the water channels. McCarty^"^ cited a hypothetical example that 
assumes a ApH=2 and an external pH of 8 , making the internal H'^concentration of 1 M. If 0.5 mM 
NH 4 CI is present, the internal NH 4 '^ concentration would be about 50,000 times higher than the internal 
proton concentration. Consequently NH 4 '^ would be transported at a higher rate than H^, leading to a 
collapse ofthe membrane potential and uncoupling [see Fig. 10 (A)]. As we will see in Fig. 20 below, it has 
been determined by titration that one single gramicidin channel per 10^ Chi molecules, i.e., about one per 
thylakoid, could result in a -50% breakdown ofthe field as well as of phosphorylation. 

Some chemical compounds inhibit ATP synthesis by interfering with the function ofthe proton-translo- 
cating Fo*Fi-ATP synthase complex. Since these reagents interfere with utilization of energy ofthe proton 
gradient to synthesize ATP, they are called “energy-transfer inhibitors.” These reagents actually affect 
neither electron flow nor proton translocation driven by electron flow. Fig. 10 (D) shows how DCCD 
(dicyclohexyl-carbodiimide), an energy-transfer inhibitor, specifically affects the Fq complex. DCCD is a 
carboxyl reagent that inhibits proton flow from Foto Fj by reacting with a single carboxyl residue (Glu- 
62) on subunit III ofCFf> (Asp and Glu in subunit c ofEcCFo and MFq, respectively). Another energy- 
transfer inhibitor, phlorizin (phloretin-2'-glucoside), is a well-known inhibitor of glucose transport in 
animal cell membranes. Phlorizin specifically interacts with the F| complex [Fig. 10 (D)], is sparingly 
soluble in water at room temperature. Phlorizin at 0.4 mM reversibly inhibits photophosphorylation by 
-50%. 
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Another group of reagents that specifically reacts with cysteine sulfhydryl groups or arginine of CF|, 
called “(C)Fi modifiers,” can also serve as energy-transfer inhibitors. Inhibition ofphotophosphorylation 
by NEM (N-methylmaleimide) is sensitive to the ApH across the membrane producing -75% inhibition 
only with a high ApH. NEM has been found to react with the y- and s-subunits in CF,. A bifunctional 
maleimide, N, N'-o-phenylenedimaleimide, has been shown to inhibit phosphorylation by cross-linking 
two groups within they-subunit in CF|,Phenylglyoxal and 2,3 -butanedione are two other group-specific 
modifiers that can act as energy-transfer inhibitors by specifically reacting with the arginine residues in 
CF). They do not markedly affect electron transfer or proton translocation, however. 



III.C Supporting Evidence for the Chemiosmotic Theory 

In a previous section, we have already seen two good examples of experimental results that are consis- 
tent with the chemiosmotic theory: the difference in electron-transfer behavior between TMPD and DAD, 
two compounds with identical chemical composition but with different electrochemical behavior and the 
photophosphorylation coupled to a proton gradient formed in a minimum PS -I/membrane model system. 
In this section we present additional examples that render evidence that even more directly supports the 
chemiosmotic theory. 



III.C. 1. Phosphorylation by Post Illumination 

At the beginning of the 1960s, two laboratories discovered what was later called “post-illumination” 
phosphorylation. Shen and Shen (1962)^^’^'° and Hind and Jagendorf(1963 independently found 
that preilluminated chloroplasts could synthesize ATP from substrates after the light is turned off. Shen 
and Shen interpreted the results by suggesting that an intermediate called “Z ” was formed in the light 
which can react with P; and ADP to form ATP in the dark. Similarly, Hind and Jagendorfcalled the stored 
material a high-energy intermediate, or a condition, “Xg” [X for unknown and E for energetic]. With the 
chemiosmotic hypothesis and other developments on the relationship between proton gradient and phos- 
phorylation current at the time, it was soon recognized that chloroplasts can translocate protons in the light 
unaccompanied by phosphorylation, and that ATP synthesis could take place if the necessary reagents for 
phosphorylation were added during the post-illumination period. Thus postillumination phosphorylation 
may be considered to involve the formation of a proton gradient which could be used later for driving 
phosphorylation. The symbol “X^” is used for the present discussion, but its intended representation is 
only ofhistorical interest now. 

A typical postillumination-phosphorylation experiment may be illustrated by Pig. 1 1 (A) which shows 
the kinetics of ATP formation as a function of various illumination and dark sequences at three pHs. Two 
reaction mixtures were used: one for the light stage, containing chloroplasts (corresponding to 200 pg Chi) 
and the electron carrier pyocyanine (PYC) in 0.9 ml Tris buffer, and one for use in the dark stage, contain- 
ing ADP, P; and The chloroplast sample is placed in a glass syringe for illumination. After the 
desired illumination time (/l) and with the light still on, the contents of the syringe is rapidly expelled 
through a wide-gauge steel needle into the second reaction mixture which is wrapped with aluminum foil 
to exclude light. Thirty seconds after mixing, the dark reaction is terminated by injection of trichloroacetic 
acid and the contents analyzed for ATP. The illumination stage was performed at pH 6.0, 6.7 and 7.4; the 
figure shows that the optimum pH for the light phase is close to 6, where the amount of proton uptake is the 
highest. The dark phase was carried out at pH 8, where maximum phosphorylation is observed. All experi- 
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merits were performed at the cold-room temperature of 3 °C. In this regard, it is of interest to note that 
Tyszkiewicz and Roux^^ reported that could he formed at temperatures as low as -13 °C and thus 
preserved for weeks when stored helow -30 °C! 

As seen from Fig. 11 (A), at the optimum pH of 6.0, mixing the A DP/P j reaction mixture with the 
chloroplast sample immediately after 60 s illumination resulted in the formation of 17.6 nmoles ATP/mg 
Chi. The authors reported that under optimum overall conditions, as much as 1 mol of ATP may he formed 
per 15 mols of chlorophyll. The data points on the dashed-curve portion shows ATP formation when a 
dark interval (Ato) is interposed between the end of illumination and the rapid introduction of a reaction 
mixture, and indicate the decay ofXg or the proton gradient [see helow and Fig. 12 (B)]. Also, although 30 
seconds were allowed for the completion of dark reaction after mixing, control experiments showed that 
the dark reaction was complete in about five seconds. 

A redox mediator, such as pyocyanine, must be present in the chloroplast mixture during illumination in 
order that ATP synthesis occurs subsequently in the dark after introduction of the reaction mixture. Inhibi- 
tors may be present in illuminated chloroplast sample or in the reaction mixture. Electron-transfer inhibi- 
tors are effective only at the illumintion stage, whereas the dark stage (ATP synthesis) is affected by 
energy-transfer inhibitors but insensitive to the electron-transfer inhibitors. Both the light and dark phases 
are inhibited by uncouplers. The results of these light-dark switch-over experiments support the notion 
that ATP synthesis can be significantly separated in time from the electron-transport reactions. 

The notion that Xg represents a proton gradient created by proton translocation across a closed mem- 
brane system (vesicle) was subsedquently demonstrated by Izawa’s elegant experiments^^ that show para- 
llel kinetic profiles for Xh build-up as represented by ATP formation and for proton efflux measured 
directly with a pH-meter, as shown in Fig. 1 1 (B). 



(A) 



(B) 




Fig. 11. (A) Kinetics of formation (solid lines) and decay (dashed lines) in chloroplasts at three different pHs during illumination: pH 
8.0 was used for the dark-reaction stage. Illumination time is ti in seconds, shown in the bottom scale, and the dark interval (Afo) 
between illumination and rapid mixing of the chloroplast sample with the ADP+Pi+Mg^' reaction mixture; AIq, in seconds, is also shown 
in the bottom scale. (B) Correspondence of proton efflux and decay ofXg. See text for details. Figure source: (A) Hind and Jagendorf 
(1963) Separation oflight and dark stages in photophosphorylation. Proc Nat Acad Sci, USA 49: 719; (B) Izawa (1970) The relationship 
of post-illumination A TP formation capacity (Xg) to hf accumulation in chloroplasts. Biochim Biophys Acta 223: 168. 
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III.C.2. Phosphorylation induced by an Artificial Transmembrane Proton Gradient 

According to Mitchell’s chemiosmotic theory, photophosphorylation is driven by energy derived from 
electron transfer coupled to proton translocation. The results ofpostillumination discussed in the previous 
section further supports the notion that a proton gradient is the driving force for phosphorylation. It is 
therefore possible in principle that a similar proton gradient produced by artificial means might also be 
able to drive phosphorylation in a chloroplast membrane, entirely in the dark, i.e., without the aid of photo- 
induced electron transport. Such a scheme was indeed realized by the so-called “acid-bath” ATP-forma- 
tion demonstrated by Jagendorf and Uribe^’’”^" in 1966. 

The relatively simple procedure for the acid-bath experiment is illustrated in Fig. 12. The previously 
dark-adapted chloroplasts are first “soaked” in an acid medium containing an appropriate thylakoid mem- 
brane permeable buffer, at a pH of about 4 for ~60 5 [Fig. 12 (A)]. When the pH in the interior of the 
chloroplast thylakoid membrane has been equilibrated to this pH [Fig. 12 (B)], the pH of the medium is 
abruptly changed to a much higher pH near 8 [Fig. 12 (C)]. At this moment a pH gradient of 4, corre- 
sponding to a proton concentration ratio of 10,000:1, exists across the thylakoid membrane and can drive 
ATP synthesis in the presence of ADP and P|. In time, the protons begin to move across the membrane from 
the inside to the outside until the pH of both phases of the membrane become equal again. According to 
Mitchell’s chemiosmotic theory, the dissipation of this pH gradient is expected to be coupled to ATP 
synthesis. Indeed, phosphorylation following the acid-base transition was found to be complete in about 4 
seconds. Further experimental details regarding phosphorylation induced by an acid-base transition are 
presented in Fig. 14 in the next section together with a discussion of the effect of an electrochemical 
gradient on phosphorylation. 





ApH=4 



Fig. 12. A schematic representation of the stages in an acid-base transition and the resulting phosphorylation. 

The amount of ATP formed depends on the pH difference across the membrane, but a minimum ApH of 
about 3 is required. The amount of ATP formed depends also on the quantity of protons stored in the 
lumenal space. The number of stored protons may be increased by using membrane-permeable salts of 
dicarboxylic acids, such as succinic, glutamic or phthalic, which would equilibrate within the inside space 
of the thylakoid membrane at the acid stage. With a buffer such as 10-mM sucinnate, yields as high as 
1 ATP per 4 chlorophylls were reported by the authors. Photochemically induced redox reactions are 
usually deliberately excluded in the acid-base ATP formation. On the other hand, exposure to room light or 
deliberate illumination still would not induce any electron transfer if DCMU is present and exogenous 
redox agents are absent in the chloroplast sample. Consequently acid-base phosphorylation experiments 
can be performed in room light when the photochemically induced electron transfer is thus blocked. ATP 
formation by acid-base transition, though totally insensitive to electron-transfer inhibitors, is inhibited by 
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uncouplers and energy-transfer inhibitors. It thus suggests that the mormal phosphorylation machinery in 
the chloroplasts must still be functional. Inhibition of acid-base phosphorylation is especially severe in the 
presence of EDTA as expected, since the latter is known to remove the chloroplast coupling factor. These 
“acid-base phosphorylation” experiments have provided the most convincing and dramatic support for 
Mitchell’s chemiosmotic theory. 

Before proceeding to the next topic, we look at another version of artificial phosphorylation by chloro- 
plasts in the dark, i.e., not driven hy photoinduced electron transfer. This new type oftwo stage phospho- 
rylation, called “dark oxidation-reduction coupled phosphorylation,” was reported by Selman and Psczolla'*® 
and may be considered as a variant of the postillumination or the acid-base transition types discussed 
above. The authors found that ATP formation in chloroplasts in the dark can be achieved by an artificial, 
transmembrane redox reaction using ascorbate as the reductant for ferricyanide trapped inside the chloro- 
plasts, provided it is mediated by a redox carrier such as DAD, DCIP or PMS that liberates protons during 
its oxidation, as illustrated in the scheme in Figure 13. 

In practice, a concentrated chloroplast sample (3 mg Chl/ml) is “loaded” or “charged” with a high 
concentration (100 mM) offerricyanide by a brief sonication. Ferricyanide must be present during sonica- 
tion in order for the chloroplasts to be able to synthesize ATP in the dark. The sample is then diluted 15 
fold with a buffer that contains ADP and Pj plus 10 mM ascorbate as the reductant and 0.4 mM DAD as 
the redox mediator. After incubation for two minutes at 20 °C in the dark, the reaction was quenched with 
HCIO 4 and ATP analyzed. This dark redox-coupled phosphorylation has a yield of ~70 nmoles ATP/mg 
Chi, amounting to about one-half to one-fourth of the amount usually obtained by acid-base transition. 
Ascorbate alone was not sufficient to catalyze ATP synthesis. As expected, the dark phosphorylation was 
also inhibited by uncouplers. 




Fig. 12. Model for the “dark oxidation-reduction coupled phospho- 
rylation” in sonicated chloroplast vesicles. M formediator; Ascfor 
ascorbate; subscripts and „ for oxidized and reduced states; 
Fe’*Cy and Fe^'Cy forferri- and ferrocyanide, respectively. 



III.C.3. Phosphorylation Induced by an Artificial Electrochemical-Potential Gradient 

As seen from the formula for the proton-motive force Apn* earlier, two forms of energy are stored as a 
result of the formation of a proton gradient during proton translocation: one relates to the proton concen- 
tration difference across the membrane, i.e., the pH difference, ApH, and the other is a difference in 
electrical charge, or potential difference, A'P. As also mentioned earlier, most ofthe Apn* in chloroplasts 
comes from the pH gradient, and the contribution by the A'P term is negligible. The reason for this is that 
the thylakoid membrane is quite permeable to other ions such as Cl'and [see Fig. 9] and electrical 
neutrality is easily maintained. However, in principle, a transmembrane A'Pmay be generated in the form 
of a diffusion potential or even directly by imposing an external electric field across the membrane, as will 
be described below. 
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Membrane Potential produced by Diffusion Potentia l. In 1973, Uribe and Li"^* reported that addition of 
valinomycin and to chloroplasts enhanced ATP synthesis elicited by acid-base transition and attributed 
it to a membrane potential created by transport across the membrane. In 1982, Hangarter and Good"*^ 
investigated ATP synthesis associated with acid-base transition in chloroplasts and concluded that the 
membrane potential and the ApH contribute to the PMF in a precisely additive way. Thus, the energy 
threshold can be reached or exceeded by a ApH in the absence of a membrane potential, by a membrane 
potential in the absence of a ApH, or by any combination ofmembrane potential and ApH. 

The scheme for generating a diffusion potential across the thylakoid membrane is illustrated in Fig. 14 
(A). The chloroplast is shown equlibrated first in a medium containing a low KCl concentration. This 
suspending medium is then exchanged with one having a higher KCl concentration plus valinomycin. The 
valinomycin-K^ complex permeates the membrane and releases the K"^ ions inside the lumen space. The 
imbalance in transmembrane K'^ concentration results in a diffusion potential. For an ionic gradient across 
the membrane, the diffusion potential is a function ofthe various ion gradient weighted by their permeabilities 
as expressed by the Goldman"^^ equation. For a single permeant ion, the Goldman equation is reduced to the 
Nernst equation, /.e.,AT = -(RT/d^-ln(fK‘]in/[K'^]ou,). 




ApH = 2 2.5 3.0 3.5 



Fig. 14. (A) Schematic representation of the steps for the creation of an artificial electrochemical-potential difference, AH', across the 
thylakoid membrane in a chloroplast suspension; (B) Plot of ATP yield in mmol ATP/mol Chi vs. reaction time at a fixed ApH of 3.2 and 
three AH' values of 5, 44 and 60 mV; the initial slopes representing ATP synthesis rates in mmol ATP/mol Chl s; (C) Rate of ATP 
synthesis in ATP/CFq*F, per sec plotted for reconstituted CF^-F, -liposomes energized by ApH and AH'. Figure source: (B) Graber, 
Junesch and Schatz (1984) Kinetics of proton-transport-coupled ATP synthesis in chloroplasts: Activities of the ATPase by an artifi- 
cially generated ApH and A ¥'. Ber Bunsenges Phys Chem 88: 601 ; (C) Schmidt and GrSber (1987) The rate of ATP synthesis catalyzed 
by reconstituted CF^-F ^-liposome: dependence on ApH and A 'F. Biochim Biophys Acta 890: 393. 
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Fig. 14 (B) shows ATP synthesis in chloroplasts, without the aid of light, measured as a function oftime 
at three different diffusion potentials with a constant proton gradient [ApH] of 3. 2 imposed, as reported by 
Graber, Junesch and Schatz"^"^. The authors used a rapid-mixing, rapid-quenching apparatus to allow ApH 
and A^ to be established very rapidly (in 2 ms), and measurements completed in ~ 100 ms, over which 
ApH and A'P remain virtually the same as their original values. 

The chloroplast thylakoids were first incubated in a pH=5 medium and then rapidly changed to a basic 
medium with pH fixed at 8.2. The acid incubation period was restricted to ~30 sec to minimize inactiva- 
tion of the ATP synthase activity. AT values were maintained at 5, 44 or 60 mV. At ApH=3.2 and each 
given AT, a linear increase in the ATP yield was observed up to a reaction time of -200 ms. The authors 
thus concluded that within this time span both ApH and AT remained practically constant. The slopes of 
the three curves, representing the rates of ATP synthesis at ApH=3.2, are 120, 260 and 380 mmol ATP/mol 
Chl-5 for AT equal to 5,44 and 60 mV, respectively. The rate of ATP synthesis gradually decreased after 
the initial linear portion and eventually approached zero, as ApH and AT decayed to approach threshold 
values completely. The three separate plots clearly show that the eventual ATP yield as well as the initial 
ATP rate increases with increasing amplitude ofthe diffusion potential AT. 

We will now cite another relatively simple system that can synthesize ATP when energized by an artifi- 
cial ApH and AT, as initially reported by Pick and Racker"^^. The example we have chosen is that reported 
by Schmidt and Graber"^®, namely a liposome (made of soybean phospholipid asolectin) reconstituted with 
only the ATP synthase (CFq»F i) which has been isolated and purified from chloroplasts, but with none of 
the other integrated thylakoid membrane complexes. This reconstituted CFo’Fi-Iiposomeresponded even 
more dramatically in terms of ATP synthesis when energized by the artificially created ApH and AT. The 
rate of ATP synthesis was determined for different combinations of ApH and AT. In Fig. 14 (C), the rates 
of ATP synthesis are plotted against ApH at three separate AT values imposed on the sample. The three 
AT values are expressed as [K'^]in/[K^]out because the electric-potential values cannot be calculated with- 
out knowing the permeability coefficient ofthe ion for the asolectin membrane. The dependence ofthe rate 
on ApH is sigmoidal, and the maximum is about 200 ATP/CFo*F | per sec. This observed maximum-rate 
value is about half that observed in thylakoids under comparable conditions. The difference may be par- 
tially attributed to a heterogeneity in the orientation ofthe reconstituted CFo'Fj complexes in the lipo- 
somes. At any given ApH, an increase in the diffusion potential increases the ATP synthesis rate, until it 
reaches the maximum rate of200 ATP/CFo»F| per^ec. Also, the half-maximumratev^. ApH is displaced 
toward lower ApH values with increasing AT. Note that the maximum rate of ATP synthesis is the same 
for all three curves, indicating that it represents the maximum turnover rate for the ATP synthase. 

Membrane Potential produced by an Electric Field . After pH gradient and electrochemical-potential 
gradient had both been demonstrated to energize ATP synthesis, Witt, Schlodder and Graber"^^ proceeded 
to demonstrate that imposition of an external electric field can also achieve the same results. It was recog- 
nized that the thylakoid membrane has a low conductivity, but the conductivity of the inner and outer 
aqueous phases of the vesicle is high and can thus allow a voltage gradient to be induced across the 
membrane ofthe vesicle. This was indeed accomplished by simply using two electrodes with a chloroplast 
suspension, as illutrated schematically in Fig. 15. 

The conceptual development ofthe notion of electric field-induced ATP synthesis by a chloroplast thy- 
lakoid vesicle is based on an arrangement of an imaginary chloroplast vesicle being subjected to an electric 
field and the process for assigning the consequent electric effects on the membrane. In Fig. 15 (A), two 
platinum electrodes are placed 1 mm apart and supplied with a voltage of 200 V, and it is imagined that an 
isolated, 1 pm-diameter water sphere is placed in between the electrodes. Since the diameter ofthe water 
sphere is 1,000 times smaller than the electrode distance, the voltage developed across the sphere is 1,000 
times smaller, i. e., 200 mV. In Fig. 15 (B), the water sphere has been replaced by ahollowed lipid sphere 
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Number of external voltage pulses Number of light pulses 



Fig. 15. Conceptual development of a membane vesicle subjected to voltage pulses to create a potential difference across the mem- 
brane. (A) A 1 pm-diameter sphere of water is imagined placed between two platinum electrodes 1 mm apart; (B) The water sphere Is 
replaced by a sphere of lipid; (C) The interior of the lipid sphere is replaced by a sphere of water, resulting in a lipid shell surrounding an 
aqueous medium to form the equivalent of a membrane vesicle. See text for details. (D) A schematic representation of a chloroplast 
thylakoid membrane containing ATP synthase to be subjected to voltage pulses and then the amount of ATP formed determined. Plots 
of actually measured ATP formation by voltage pulses (E) or light pulses (F) as a function of the number of pulses. (A), (B), (C), (E) and 
(F) from Witt (1987) Examples for the cooperation of photons, excitons, electrons, electric fields and protons in the photosynthesis 
membrane. Nouveau Journal de Chimie 11 : 97; (D) adapted from Bauermeister, Schlodder and Graber (1 988) Electric field-driven A TP 
synthesis catalyzed by the membrane-bound A TP-synthase from chloroplasts. Ber Bunsenges Phys Chem 92: 1 037. 
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immersed in water. The non-conducting lipid sphere develops a charge accumulation in the polar region of 
the water surface, resulting in a voltage across the sphere that is higher and calculated to be 300 mV. In 
Fig. 15 (C), the hollow interior ofthe lipid sphere is filled with water, making the resulting lipid shell the 
equivalent of a membane vesicle, with the voltage still remaining at 300 mV. The ionic conductivity ofthe 
aqueous phase inside the vesicle causes a distribution of counter ions and divides the voltage into two 150- 
mV spans on the two sides ofthe membrane facing the two electrodes. In fact, the charge distribution in the 
left half of the sphere assumes the same polarity as that resulted from illumination, i.e., negative on the 
outside and positive on the inside. Assuming that the energy stored by the charge difference can drive ATP 
synthesis, then as a result of this asymmetric distribution, the application of a voltage pulse should only 
produce half the expected amount of ATP produced by illumination. The amplitude ofthe voltage across 
the model membrane is comparable to the light-induced difference in vivo. Under ideal conditions, ATP 
synthesis in this situation would be expected to amount to 50% ofthe light-induced yield in vivo. 

In Fig. 15 (D), the imaginary membrane vesicle is replaced either by an actual chloroplast thylakoid- 
membrane vesicle containing ATP synthase, as shown in the example of Bauermeister, Schloddder and 
Graber"^* or by a liposome reconstituted with isolated CFo*F|-ATP synthase. In the actual experiment, two 
platinum electrodes each 5 cm^ in area were spaced 2 mm apart and filled with a chloroplast suspension. 
The cuvette containing the chloroplast suspension and the electrodes was then thermostated at 4 °C and 
kept from light. 

A series of voltage pulses of 220 V and 30-ms duration were applied to the electrodes with alternating 
polarity from pulse to pulse. Since each voltage pulse produced a temperature rise of6 °C, a 15-5 interval 
was used to allow the sample temperature to be restored before applying the next pulse. The amount of 
ATP formed by the voltage pulses plotted against the number of pulses applied is shown inFig. 15 (E). The 
yield increases linearly with increasing number ofpulses, indicating that the voltage pulse was fully effec- 
tive starting from the first pulse and that the pulse effectiveness lasts at least up to ten pulses, as shown. 
Note that, because ofthe special situation mentioned above regarding the applicability of only one half of 
the sphere in driving ATP synthesis, the amount of ATP formed was computed based on half the number of 
chlorophyll molecules (i.e., half of them effective). ATP yield driven by voltage pulses calculated on this 
basis was 0.76 mmol ATP per pulse per 2 mols of chlorophyll, which is quite comparable to that produced 
by using saturating light pulses, as shown in Fig. 15 (F). 

It is indeed incredible that an artificial electric-potential difference alone, without the aid of light or a pH 
gradient, is sufficient to drive ATP synthesis. Voltage pulses have in fact been used for energizing ATP 
synthesis not only in chloroplasts in situ^^ but also in liposomes reconstituted with the Fq*F| complex 
isolated from the thermophilic Bacillus PS3"^^ or with the chloroplast CFq’F] complex^®. Pulsed field 
strengths as high as 30 kV/cm were used later, V5. 1 -2 kV/cm used in these experiments. As expected, ATP 
formation by artificially generated electric-field pulses in the dark, without photosynthetic electron trans- 
port, is not affected by DCMU. However, an energy-transfer inhibitor such as phlorizin completely inhib- 
its ATP formation. 



III.D. Field-Indicating Absorbance Changes (FIAC) in Photosynthetic Pigment Molecules 

A light-induced, reversible absorbance change in the green alga Chlorella, with an increase near 515 nm 
and a decrease at 475 nm, was reported by Duysens^^ in 1954 using steady illumination and by Witt^^ in 
1955 using flash excitation, and was subsequently observed by many other workers (see Fig. 22 below for 
the complete difference spectrum). The absorbance change induced by a saturating flash was reported to 
be ~10'^ at either wavelengths at a decay time of < 1 5. The origin of the absorbance change was not 
immediately known. For some time, it was variously regarded as an indirect response to reactions involv- 
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ing either plastoquinone^^ or chlorophyll but a direct connection to electron transport could not be 
made. About the same time, similar light-induced absorbance changes were also reported for photosyn- 
thetic bacteria by Smith and Ramirez^^, changes that could be attributed to absorption-band shifts in 
carotenoids, as well as band shifts in bacteriochlorophylls. 

III.D. 1. Pigment Absorbance Changes and Phosphorylation 

During the early 1960s, two observations on the selective inhibitory effects of certain compounds on 
phosphorylation in chloroplasts were reported. One by Baltscheffsky^® dealt with the effect of straight- 
chain, aliphatic alcohols (e.g., ethanol) and the other by Gromet-Elhanan and Amon^’ was concerned with 
the uncoupler desaspidin, electron transport in neither case being affected. With this background informa- 
tion and the prevailing notion that photophosphorylation was driven by a proton gradient and an electrical 
potential, Witt and coworkers sought to investigate whether the 515-nm change might be related to electri- 
cal events in the membrane and thus to phosphorylation. They used these two compounds to examine their 
effects on phosphorylation and the 515-nm absorbance changes. Their results indeed showed that both 
ethanol and desaspidin affect both phosphorylation and the 515-nm absorption change to an equal extent, 
but had little effect on electron transport. As seen in Fig. 16 (A), photophosphorylation and the 515-nm 
absorption change are inhibited equally by ethanol, and both reactions eventually being completely abol- 
ished at an ethanol/HjO ratio of 0.07. Up to this ratio, oxygen evolution is little affected. Similarly, as 
shown in Fig. 16 (B), desaspidin also affects the 515-nm absorbance change and phosphorylation to the 
same extent, with complete abolition of both reactions at~5xl0'^ M desaspidin. The effect of desaspidin 
on electron-transport reactions, including oxygen evolution, P700 photooxidation and plastoquinone re- 
duction, is found at an inhibitor concentration approximately one order of magnitude greater. Given the 
chemiosmotic theory that an electric -field gradient constitutes one component ofthe driving force for ATP 
formation, the 515-nm absorption change was thus considered likely to be due to an electric -potential 
difference AT and associated field-driven ion fluxes. Thus, the 515-nm absorption change acquired the 
name “field-indicating absorption change” (FIAC) and the pigment responsible for the change the “indica- 
tor pigment.” 




Fig. 16. Effect on the light-induced absorbance change at 51 5 nm (AAsis) and photophosphorylation (ATP) and on electron transport 
(measured by oxygen evolution [Oj], P700 photooxidation [P70Q] and plastoquinone reduction [PQ]) as afunction of (A) ethanol and (B) 
desaspidin concentrations. Figure source; Witt (1971) Coupling ot quanta, electrons, fields, ions and phosphorylation In the functional 
membrane of photosynthesis. Results by pulse spectroscopic methods. Quart Rev Biophys 4: 438. 
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Phosphorylatins Conditions and the Effect of Uncouplers and lonophores . Other correlations between 
the 515-nm absorption change and photophosphorylation were also found, based on the notion that the 
former arises from the formation of an electric field in the membrane. Junge, Rumberg and Schrdder^^ 
made several observations that correlate photophosphorylation with the FI AC decay. First of all, the 515- 
nm absorption change decays at a different rate depending on whether the chloroplasts are in a non- 
phosphorylating or phosphorylating condition. As shown in Fig. 17 (A), under non-phosphorylating con- 
ditions, the FIAC decays in -350 ms. Under phosphorylating conditions, i.e., if ADP and Pj have been 
added, the decay is accelerated about five-fold, as shown in Fig. 17 (B). The acceleration of the decay is 
consistent with the notion that ATP synthesis accelerates the decay of the electric field. This interpretation 
was further supported by the observation that addition of valinomycin which inhibits ATP synthesis also 
accelerates the FIAC decay further, a result consistent with the assumption that ATP synthesis is driven by 
an electrical potential difference, and that since valinomycin dissipates the electric field it thereby also 
inhibits ATP formation. 








Fig. 17. Decay course of the flash-induced field-indicating 515-nm absorption changes: (A) under non-phosphorylating condition; (B) 
under phosphorylating condition (upon addition of ADP, Pi and Mg’*); and (C) further acceleration of the decay of the absorbance 
change upon addition of valinomycin (trace b) to the phosphorylating sample (trace a, same as the trace in (BJ). Flash excitation given at 
time zero. Figure source: Junge, Rumberg and SchrOder (1970) The necessity of an electric potential difference and its use for photo- 
phosphorylation in short flash groups. Eur J Biochem 14: 577, 579. 

Thylakoid membrane as a Molecular Voltmeter and Ammeter . The antibiotic valinomycin was found in 
1964 by Moore and Pressman^^ to affect ion transport across the mitochondrial membrane. Subsequently, 
Pressman and coworkers proposed that valinomycin is an “ionophore” and acts as a mobile ion carrier 
across the lipid membrane [cf. sectionlll.B. above]. Since the light-induced FIAC in thylakoid membrane 
appears to be an electrochromic band shift in pigments produced by an electric field, Boeck and Witt®°, 
Junge and Schmid®' used this unique effect to probe the effect of compounds such as the ionophore, 
valinmycin, on the voltage and current density generated across the membrane. 
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The effect of valinomycin on the decay course of the FIAC in chloroplasts is shown in Fig. 18. In the 
absence of valinmycin, the absorption change decays slowly even in the presence of K'^ and Na^ [Fig. 1 8 
(A)], indicating slow electrical discharge across a membrane of rather low intrinsic conductivity. In the 
presence of valinomycin, the decay stays the same if only Na^ ions are present [Fig. 18 (B)], but if ions 
are present, a marked acceleration of the decay occurs, as shown in Fig. 18 (C), suggesting that valinomy- 
cin selectively increases the conductivity of the thylakoid membrane for K'^ ions. 



(A) +Na* / +K* 




(B) +VMC / +Na* 



20 ms 

(C) +VMC/+Na*+K* 




Fig. 18. Decay of the flash-induced field-indicating absorption change serving as a device for diagnosing the function of the ionophore 
valinmycin in chloroplasts: (A) In the presence of 1 0'^ M K* and 1 0'^ M Na’ but no valinomycin; (B) in the presence of 1 0'* M valinomycin 
and 1 0'^ M Na*; and (C) in the presence of 1 0'* M valinomycin and 1 0'^ M of Na* and 1 0'* M of K*. Figure source: Junge and Schmid 
(1971) The mechanism of action of valinomycin on the thylakoid membrane. Characterization of the electric current density. J Mem- 
brane Biol 4: 184. AA*'’ represents the absorbance change induced by a single (1) saturating flash. 



Electrochromic Titration of the Thylakoid Unit with Gramicidin. As described earlier in section III.B., 
gramicidin is an ionophore that forms a dimer channel in the membrane (see Fig. 10) and is capable of 
conducting up to lO’ ions*channel“‘*j"' . As gramicidin is expected to effect a collapse ofthe electric field, 
it should bring about both a decrease in ATP synthesis and an acceleration in the FIAC decay. Boeck and 
Witt^ used gramicidin as a titrant to investigate the functional thylakoid unit or phosphorylating unit by 
following its effect on the decay time ofthe FIAC and in the ATP yield, both elicited by the same single 
turnover flash. Effects on FIAC decay and ATP formation are plotted against gramicidin concentration in 
Fig. 19. Chlorophyll concentration ofthe sample was 2x10^ M.The gramicidin-to-chlorophyll ratios are 
indicated on the top scale ofthe figure. 

As expected, gramicidin has a parallel effect on both the decay time of the field-indicating absorption 
change and the extent of ATP formation. It should be noted that with two gramicidin molecules, i.e., one 
gramicidin channel per lO’ chlorophyll molecules, the AA 515 decay time as well as the phosphorylation 
yield, expressed as the number of ATP molecules formed per flash per electron-transfer chain, are each 
decreased by a factor of 2. The same ratio also holds at other chlorophyll concentrations. This result 
indicates that one gramicidin-dimer channel per functional thylakoid or phosphorylating unit is sufficient 
to effectively de-energize the system. At the same time, the correlation between the two effects gives 
additional support to the notion that the membrane potential ofthe thylakoid constitutes a driving force for 
ATP synthesis. 
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Fig. 19. Plots of the decay time of the 51 5-nm field-indicating absorption change (A) and the rate of ATP formation (B) in chloroplasts as 
a function of gramicidin concentration; the corresponding gramicidin-to-chlorophyll ratios are indicated in the top scale; sample chloro- 
phyll concentration=2x10'^ M. GMCD stands for gramicidin. Figure source: Boeck and Witt (1972) Correlation between electrical 
events and ATP-generation in the functional membrane of photosynthesis. In: G Forti, M Avronand AMelandri(eds) Procll. Intern 
Congr of Photosynthesis Research, Stresa (1971) p 91 0. 

We conclude this section by presenting a summary figure for the field-indicating absorption change. In 
Fig. 20 (A), the risetime ofthe FIAC is less than 1 ns, which is compatible with the time required for the 
primary charge separation, and thus with the notion that it is an indication ofthe voltage associated with 
the formation of an electric field across the thylakoid membrane. The FIAC decay times lie in the range of 
1 y to 10 my, depending on the gramicidin concentration. The decay of the FIAC indicates a breakdown of 
the voltage across the membrane due to ion fluxes and the rate of decay represents a an ionic leakage 
current through the thylakoid membrane. Thus the FIAC has been compared to a molecular voltmeter and 
ammeter. Witt^^ estimates that a single turnover flash can create a potential of~50 mV across the thyla- 
koid membrane, or ~2 xlOs V/cm, and that a 10 ms decay time corresponds to a current density of 
~1 pA-cm"^. 

In chloroplast thylakoid, the FIAC at 515 nm has been shown by Schliephake, Junge and Witt^^ to be 
comprised of approximately equal contributions from photosytems I and II. When electron carriers and 
inhibitors were used to isolate the two photosystems, it could be shown that the amplitude of the FIAC 
produced by either ofthe two photosystems was approximately half ofthe total amplitude ofthat produced 
by both photosystems together, as shown in Fig. 20 (B). Fig. 20 (C) shows the linear relationship between 
the number of ATP molecules synthesized per flash per electron-transport (e t) chain and the amplitude of 
the FIAC change at 515 nm (bottom scale), or the corresponding change in electric potential (top scale). 

The various photochemical events associated with the FIAC is illustrated in Fig. 20 (D). Here the 
primary photochemical charge separation in the two photosystems is likened to a voltage generator where 
the formed charges load the membrane capacitor. Electrochromic band shifts in the bulk pigment mole- 
cules (Chi a, Chi b and Car) take place as a result of changes in the electric potential across the thylakoid 
membrane and are likened to a voltmeter reading. The discharge of the membrane capacitor takes place by 
way of ion fluxes through various channels, including the phosphorylating enzyme, these channels being 
likened to resistors. 
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Fig. 20. (A) Kinetic profile of the field-indicating absorptioin change (FIAC) with the instantaneous values of amplitude and slope 
representing voltage and current, respectively, as indicated; (B) Comparison of the amplitudes of the 515-nm FIAC produced by both 
photosystems (left) or by photosystems I (center) or II (right) alone; (C) Relationship between ATP synthesis and the amplitude of the 
field-indicating absorption change (bottom scale) or the corresponding electric-field potential change Acp (top scale); and (D) Electro- 
chemical events taking place in the thylakoid membrane relative to the FIAC. Figure source; (A) Schmid and Junge (1975) Current- 
voltage studies on the thylakoid membrane in the presence ofionophores. Biochim Biophys Acta 394: 79; (B) Schliephake, Junge and 
Witt (1968) Correlation between field fonnation, proton translocation, and the light reactions in photosynthesis. Z Naturforsch 23b: 
1 575; (C) Boeck and Witt (1971) Correlation between electrical events and ATP-generation in the functional membrane of photosyn- 
thesis. In: G Forti, M Avron and A Melandri (eds) Proc lind Intern Congr on Photosynthesis Research, p 906. Dr. W Junk NV PubI, The 
Hague; (D) adapted from Witt (1 979) Energy conversion in the functional membrane of photosynthesis. Analysis by light pulse and 
electric pulse methods. The central role of the electric field. Biochim Biophys Acta 505: 375. 
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As mentioned earlier, an electrochromic band shift similar to the 515-nm field-indicating absorbance 
change (FIAC) observed in chloroplasts was also observed in bacterial chromatophores^^. Very shortly 
after, it was found by Smith, Baltscheffsky and Olson^ that the amplitude of the carotenoid band shift in 
Rhodospirillum rubrum chromatophores is diminished under phosphorylating conditions. Subsequently, 
Fleischman and Clayton® found an inhibitory effect of uncouplers and energy-transfer inhibitors on the 
absorption-band shifts as well as delayed-light emission in bacterial chromatophores, and suggested a 
correlation between the band shifts and the formation of the so-called “high-energy intermediate,” the 
presumed predecessor for ATP formation. 

In 1969, Jackson and Crofts®® demonstrated that the carotenoid absorption-band shifts in bacterial chro- 
matophores can be induced in the dark by an ion gradient generated using uncouplers and ionophores. Fig. 
21 (A) shows the light-induced absorption-band shifts of carotenoids in Rp. sphaeroides chromatophores 
that were incubated in 2 mM KCl before being suspended in a choline chloride medium. If a pulse of the 



Induced by light Induced bv ion gradient 





Final K* concentration, mM 



Fig. 21. Absorption changes due to carotenoid in Rp. sphaeroides chromatophores induced by light (A) and by ion gradients [(B) and 
(C)]. The spectra were measured using 587 nm as the reference wavelength. (D) Amplitude of carotenoid-band shift vs. K*-gradient. 
See text for details. Figure source: Jackson and Crofts (1969) The high energy state in chromatophores from Rhodopseudomanas 
spheroides. FEBS Lett 4; 187, 188. 
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ion carrier, valinomycin, is injected into this K*^-incubated suspension in the dark, a carotenoid band-shift 
spectrum is produced in the dark, but it appears as a mirror image of that produced by illumination, as 
shown in Fig. 21 (B). On the other hand, as shown in Fig. 21 (C), in chromatophores already treated with 
valinomycin, injection of a pulse ofKCl solution produced absorption-band shifts whose spectral profile is 
instead identical to that produced by light. Addition of KCl in the absence of valinomycin produced no 
spectral changes. These results indicate that in the presence of valinomycin, a gradient or a diffusion 
potential that is positive in the outer phase ofthe chromatophores is formed. On the other hand, injection 
of a KCl pulse to valinomycin-treated chromatophores would produce an ion gradient and an electric 
potential that is positive inside and, by inference, an electrical potential ofthe same polarity as that created 
by illumination. The opposite spectral profile produced by valinomycin alone may then be considered as 
producing a reversal ofthe polarity ofthe light-induced membrane potential. 

These results suggest that carotenoids are indicator pigments for membrane-potential changes in the 
bacterial chromatophores. This correlation was further demonstrated by the linear dependence ofthe ab- 
sorbance change due to the carotenoid-band shift on the concentration ofthe added K'^over several decades 
of K" concentration, as shown in Fig. 21 (D). As the difference in potential A'F across the membrane can 
be calculated by the Nernst equation from the logarithm ofthe concentration of K^ added to the chromato- 
phores, i.e., AT (in mV) =60*log([K'"]ou/[K'^]in)» and the AA for the carotenoid band shift is represeented 
by AT, the plot of one vi'. the other should give a straight line with a slope of 60 mV, given an appropriate 
proportionality between AT and AA. The intercept ofthe plot with the abscissa gives the concentration 
for null change, which is near the equilibrium K^ concentration in the presence of valinomycin. 



III.D.3. Electric Field-Induced Absorbance Changes in Multilayers of Pigment Molecules 

The various investigations described above on the nature ofthe field-indicating absorbance changes 
have provided considerable evidence for assigning the origin ofthese changes to photosynthetic pigments 
reacting to an electric field formed across the thylakoid membrane. Nevertheless, Witt and coworkers have 
sought still other experimental methods that would independently support this interpretation. 

When an electric potential difference is developed by illumination across the thylakoid membrane, the 
resulting electric field can be as high as ~10‘' V/mm, equivalent to 100 mV/100 A, and can have an 
appreciable influence on the absorption spectrum ofthe pigment molecules. As illustrated in Fig. 22 (A, a), 
a pigment molecule in the absence of an electric field presents a given ground energy level (0) and an 
excited level (1). The electric field induces electric dipoles, and the shift in energy levels is proportional to 
the product ofthe induced dipole moment and the field strength. Consequently the energy levels ofthe 
ground- and excited-states may be shifted, resuslting in an “electrochromic shift.” A lowering of the 
excited level relative to the ground level would shift the absorption band toward longer wavelength, as 
illustrated in Fig. 22 (A, b). The shape ofthe absorption band and the extinction coefficient do not change 
noticeably, however. Fig. 22 (A, c) shows the difference spectrum for the shifted and the original absorp- 
tion bands. The effect is very difficult to detect unless the absorption band is very intense, as in the case for 
pigment bands in chloroplastthylakoids. 

As the various photosynthetic pigment molecules are the most likely source for producing the 
electrochromic shifts in thylakoid membrane, Witt and coworkers proceeded to design a suitable pigment 
assembly and the means for exposing it to an electric field. First, semi-transparent films of electrically 
conducting aluminum were vacuum deposited on glass slides to serve as electrodes. Then, following the 
procedure originally used by Blodgett®^ and Langmuir and later refined by Kuhn and coworkers®^, mono- 
layers ofthe cadmium salt ofthe fatty acid, arachidic acid (C| 9 H 3 qCOOH) were deposited, followed by 
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Fig. 22. (A) Origin of eiectrochromism (the quadratic Stark effecty, (B) Assembly of pure fatty-acid monolayers and monolayers of fatty 
acids containing various pigment molecules to form a pigment "capacitor”; (C) top; light-induced electrochromic shift in chloroplasts and 
bottom; electrically induced absorbance changes in muitiple monoiayers containing Chi a, Chi b and carotenoid in a fatty-acid matrix; (D) 
top; light-induced electrochromic shift in Rps. sphaeroides chromatophores and bottom; electrically induced absorbance changes in 
multiple monolayers containing lutein in a fatty-acid matrix. Figure source; (A) and (C) Witt (1987) Examples for the cooperation of 
photons, excitons, electrons, electric fields and protons In the photosynthesis membrane. Nouveau J de Chimie 1 1 ; 95; (B) Witt (1 975) 
Primary acts of energy conservation in the functional membrane of photosynthesis. In; Govindjee (ed) Bioenergetics of Photosynthesis 
p 51 9; (D) Schmidt, Reich and Witt (1971) Electrochromic measurements in vitro as a test for the interpretation of field indicating 
absorption changes in photosynthesis. In; G Forti, M Avron, A Melandri (eds) Proc II Intern Congr on Photosynthesis, p 1 091 , 
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layers of the cadmium arachidate containing various amounts of pigment. The pigment “capacitor” as- 
sembled in this manner is shown schematically in Fig. 22 (B) where multiple layers of Cd-arachidate were 
deposited first, followed by arachidate layers containing chlorophylls-a and -b and carotenoid (at a ratio of 
1.7 Chi a : 5.2 Chi b : 1 Car), resulting in a total thickness of -1000 A. Then an appropriate electric 
potential was applied to the pigment assembly to see if an electrochromic band shift could be detected and, 
if so, the nature ofthe shift. As indicated in Fig. 22 (B), an applied voltage of, for example, 10 V would 
establish an electric field equivalent to 10 * V/cmon the pigment multilayer assembly. 

In Fig. 22 (C), the upper difference spectrum is that ofthe transient FIAC induced in chloroplasts by a 
light flash. This spectrum was interpreted earlier as an electrochromic effect due to the formation of a 
membrane potential which decayed due to ionic flux across the membrane. In the bottom half of Fig. 22 
(C), the difference spectrum represented by the solid line shows the electrically induced absorbance change 
produced by the application of an electric potential to the artificially prepared pigment multilayers. The 
electrically induced difference spectmm produced by the pigment assembly with the appropriate pigment 
composition as indicated above bears an amazingly close resemblance to the light-induced one in chloro- 
plast thylakoids. Furthermore, the composite absorbance change (solid line spectrum) could be resolved 
into three spectra separately determined for Chi a (a), Chi b (b) and carotenoid (c) as shown by various 
dashed lines. The absorption increase in the 515-nm region is predominantly that ofthe carotenoid. The 
negative change at 475 nm belongs largely to Chi b. In the red absorption region of Chi a, the electrically 
induced changes do not match those measured with chloroplasts. This is most lilkely attributable to the 
fact that Chi a is present in multiple forms in chloroplasts but presumably in only one form in the artifi- 
cially prepared monolayers. 

In Fig. 22 (D), the upper spectrum is the light-induced pigment absorbance change in chromatophores 
shown earlier in Fig. 21 and attributed to an FIAC in bacterial chromatophores driven by an ion gradient. 
The bottom difference spectrum was obtained by Schmidt, Reich and Witt® with a multilayer assembly 
containing the carotenoid lutein. The agreement between the light-induced change in chromatophores and 
the electrically-induced one in the pigment capacitor is excellent over most ofthe wavelength range and 
supports a carotenoid being the origin ofthe spectrum change. 

III.E. Some Other Photosynthetic Proton-Pump Models 

We have presented several proton-pump models which incorporate photosynthetic components such as 
the PS-I reaction-center complex. We now conclude this part by presenting two other proton-pump models 
which can be considered in a broad sense to fall into the “photosynthetic” category. The first system 
involves the fascinating chromoprotein, bacteriorhodopsin, present in the purple membrane ofthe halo- 
philic bacterium. Bacteriorhodopsin can undergo a light-induced configurational change in its chromophore, 
that is accompanied by both the release and the uptake of protons, and can thus promote the creation of a 
proton gradient. The second system uses purely synthetic model compounds that can mimic a photochemi- 
cal reaction center by producing a separation of charge followed by electron transport coupled to proton 
translocation across a liposome bilayer mambrane. In each case, the proton gradient thus formed has been 
demonstrated to drive ATP synthesis with a high efficiency. 

III.E. 1. A Proton Pump containing Bacteriorhodopsin 

Halobacterium halobium (now also known as Halobacterium salinarium) is a halophilic bacterium 
which lives in concentrated salt solutions. It requires a high NaCl concentration to thrive, growing best in 
4.3 M NaCl and becoming nonviable at concentration below -3.0 M. Note that seawater is ordinarily only 
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-0.6 M in NaCl. The rod-shaped H. halobium cell is ~1 p.nv in diameter, ~5 p.m long and partially covered 
with purple patches [see Fig. 23 (A)]. The “purple membrane” present in the patches was discovered by 
Stoeckenius and Rowen^^ in 1965 during their attempt to isolate the functional components of the 
halobacterium cell membrane. The purple membrane contains but a single protein called bacteriorhodopsin 
whose molecules are arranged in a planar hexagonal lattice. The highly ordered arrangement of the 
bacteriorhodopsin lattice allowed Henderson and Unwin^' to determine its structure at 7 A resolution using 
an unstained membrane by electron microscopy and electron diffraction, in 1975. It is worth noting that 
this bacteriorhodopsin membrane was in fact the first integral membrane whose three-dimensional struc- 
ture was determined. This purple-membrane protein contains seven, closely packed, a-helical segments, 
each containing -30 amino-acid residues [see Fig. 23 (B) left]. The protein a-helices are perpendicular to 
the membrane plane and span most of the membrane width. Bacteriorhodopsin, abbreviated as “BR,” is 
the primary constituent of the purple membrane, with the approximately 20-A spaces between each protein 
moleculefilled with a lipid bilayer [c/. Fig. 24 below]. Inthe halobacterium cell membrane, theN-termi- 
nus ofthe protein faces the exterior of the cell while the C-terminus is at the interior surface of the cell. For 
an interesting account ofthe pioneering work of Stoeckenius and coworkers on the purple membrane, see 
the review article in Scientific American’^ (also see Lanyi^^ for a review of more recent progress). 

The purple-membrane protein has a molecular mass of26 kDa and consists of247 amino- acid residues. 
Each protein molecule contains the chromophore, retinal [see Fig. 23 (B), right], the same chomophore 
found in rhodopsin in photoreceptor cells ofthe eyes of vertebrates. In the protein the chromophore is 
present as a positively-charged retinaldehyde-Schiffbase formed through covalent bonding between the 
aldehyde group ofretinal and the amino group on the side chain of lysine-216 ofthe protein, as shown in 
Fig. 23 (C). 

Halobacterium cells ordinarily carry out ATP synthesis by oxidative phosphorylation via the respira- 
tory metabolism. After the discovery of the purple membrane and the presence of a chromophore in the 
protein bacteriorhodopsin, and the fact that the purple patches are developed under low oxygen conditions, 
Osterhelt and Stoeckenius^"^ found that light flashes induced an absorption-spectrum shift ofthe absor- 
bance maximum ofthe chromophore from 560 to 415 nm. Furthermore, the absorption change is accom- 
panied by the release and uptake of protons. The action of light on bacteriorhodopsin was found to origi- 
nate from a light-induced configurational change ofretinal accompanied by a protonation/deprotonation 
reaction. Fig. 23 (D) shows that upon light absorption, one ofthe double bonds ofretinal isomerizes from 
the trans- to the cA-configuration. In the cis-configuration, the ability ofthe nitrogen atom to bind protons 
is lowered, resulting in a proton release to the cell exterior. After a proton is released, the double bond is 
relaxed to the trans-configuration again, allowing it to rebind a proton but from the cytoplasm. Light- 
induced proton translocation led these authors to postulate that energy absorbed by the chromophore 
retinal in the purple membrane might be used as an energy source for creating proton transport to drive 
ATP synthesis, providing a strong argument in favor ofthe chemiosmotic theory proposed by Peter Mitchell 
at the time. 

Further evidence for the light-driven proton translocation by bacteriorhodopsin was obtained by Racker 
and Stoeckenius^^ who carried out reconstitution ofthe purple membrane into phospholipid vesicles. In the 
light, the reconstituted vesicles took up protons from the exterior at a rate of 50-200 ng per mg of 
bacteriorhodopsin, and released them in the dark. The rate of proton uptake in the light and release in the 
dark was accelerated by the addition ofvalinomycin, while uncouplers of oxidative phosphorylation abol- 
ished the uptake ofprotons altogether. Note that the direction of proton transport from outside to the inside 
of the vesicle reported by the authors was opposite to that observed in intact cells, the possibility that 
bacteriorhodopsin might be oppositely oriented in cells and vesicles, was subsequently confirmed by freeze- 
etch electron microscopy. 
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Fig. 23. (A) The halophilic bacterium H. halobium with patches containing the "purple membrane”; (B) Structure of the protein 
bacteriorhodopsin (left) and the structural formula for the chromophore retinal (right); (C) Covalent binding of retinal with lysine-21 6 
forming a positively-charged Schiff base; (D) Illumination of the bacteriorhodopsin retinai and transformation from a trans- to a cis- 
configuration and releases a proton from the Schiff base to the cell exterior; relaxation to the (rans-form, with uptake of a proton from the 
cytoplasmic interior. The combination of deprotonation and reprotonation on opposite sides of the membrane constitutes a proton pump. 
See text for other details. Figures partly adapted from Becker and Deamer (1 991 ) The World of the Cell (2nd ed) Benjamin/Cummings 
PublCo.p215. 






Chapter 36 Proton Translocation and ATP Synthesis 



703 



Racker and Stoeckenius further found that inclusion of mitochondrial ATPase during reconstitution of 
the bacteriorhodopsin into phospholipid vesicles resulted in light-dependent ATP synthesis. Phosphoryla- 
tion uncouplers and inhibitors affect ATP synthesis driven either by light or by oxidative metabolism, 
supporting the notion that a proton gradient is essential for both types of phosphorylation. On the other 
hand, electron-transport inhibitors do not affect either proton translocation or ATP synthesis when light 
was used as the energy source. These reconstitution experiments support the conclusion that bacterio- 
rhodopsin functions as a light-driven proton pump and is responsible for light-driven ATP synthesis in H. 
halobium cells. They also provide a strikingly simple model that illustrates energy conversion according to 
Mitchell’s chemiosmotic theory, as shown in Fig. 24. 



Fig. 24. A schematic representation of light-induced proton 
translocation and ATP synthesis in liposomes reconstituted 
by incorporating bacteriorhodopsin and ATP synthase. 




Since the three-dimensional structure ofrhodopsin was determined in 1975, it has become one ofthe 
most-investigated and best understood membrane proteins. By using a high-resolution electron microscope 
at a low specimen temperature (4 K), and a uniformly thin specimen of the two-dimensional bacteriorhodospin 
crystals to allow data collection at steep tilt angles, Kimura et a/.’*’^’have recently obtained a 3 A map that 
clearly shows the strategically located charged residues near the entrances and exits of the proton chan- 
nels. In the meantime, Landau, Pebay-Peyroula, Rosenbusch and Rummel^^’^^, using newly obtained and 
well-ordered three-dimensional crystals grown in a cubic lipid phase, have obtained the X-ray structure of 
bacteriorhodopsin at 2.5 A resolution. The X-ray map shows small regions of density in the proton- 
pumping channels which the authors tentatively identified as water molecules. It has become clear that 
refined structural determination such as these will help greatly toward understanding the molecular mecha- 
nism involved in the bacteriorhodopsin proton pump. 

IU.E.2. An Artificial Photosynthetic Proton Pump 

For some time, many researchers have attempted to construct model systems to create new avenues for 
studying the molecular mechanism ofphotosynthesis. For a model system ofphotosynthesis, one needs, in 
principle, to construct an artificial photosynthetic reaction center with components functioning as the 
primary electron donor (FED), the primary electron acceptor (PEA), the secondary electron donor (SED), 
etc., components comparable to, say, P700, Aq and plastocyanin, respectively, ofthe PS-I reaction center. 
Steinberg- Yfrach, Liddell, Hung, (AL) Moore, Gust and (TA) Moore^“ recently reported the construction 
of a molecular “triad” consisting of a photosensitive porphyrin group to serve as the primary electron 
donor, which is covalently linked to a naphthaquinone to serve as the PEA and a carotenoid polyene as the 
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SED. To the triad consisting of the naphthoguinone-gorphyrin-carotenoid (abbreviated as “Q— P— C”) is 
added a freely diffusable quinone, abbreviated as “Qs” (the subscript s stands for shuttle), in particular, 
the lipid-soluble 2,5-diphenylbenzoquinone, to act as the diffusible electron carrier. Its semiquinone and 
oxidized forms may interact with the oxidant(C^) andreductant(Q'), respectively, in the Q“-P-<2* state of 
the triad formed in the light. This system can then engage in the equivalent of cyclic electron transport, 
where the oxidized and reduced forms ofjust a single diffusible electron carrier can interact with the 
oxidizing and reducing equivalents formed in the artificial reaction center as a result of photoinduced 
charge separation. The structure of the triad and the abbreviations used are shown in Fig. 25 (A). 

Liposomes, containing Qg and pyraninetrisulphonate^^ to serve as a pH “counter” were prepared by 
reverse-phase evaporation from L-a-phosphatidylserine and dioleoylphosphatidylcholine at a molar ratio 
of2:3. The incorporation ofthe triad into liposomes was carried out by injecting triad dissolved in tetrahy- 
drofuran into a stirred liposome solution. The prepared liposomes were then purified by Sephadex gel 
chromatography to remove excess triads. Quantitative analysis showed that there were ~40 triad mole- 
cules in each liposome bilayer and ~50 pyraninetrisulphonate molecules in the interior aqueous phase of 
each liposome [see Fig. 25 (B), right, for other information on the liposomes]. The insertion ofthe artificial 
photosynthetic reaction-center, i.e., the molecular triad, as a membrane-spanning assembly into the lipo- 
somes, with the radial orientation, as shown in Fig. 25 (B), is essential for proper vectorial electron and 
proton transport. The preferred orientation ofthe triad was accomplished by simply delivering the triad 
solution to the outer surface ofthe bilayer, and relying on the low-dielectric ofthe bilayer to exclude the 
polar, carboxylate -bearing quinone portion ofthe triad. 

Artificial photosynthesis was initiated by flash excitation of liposomes containing the triad and the 

quinone shuttle, using 5-ns, 430-nm flashes centered on the Soret band ofthe porphyrin. The sequence of 
events taking place upon photoexcitation is shown in Fig. 25 (B) right, where step © involves photoexcitation 
of the artificial reaction center, P, the porphyrin, followed by charge separation and electron transfer, 
forming Q -P-C^, which can be detected by the absorbance increase due to the radical cation The 
yield of Q'-P-C* was ~0. 1 and its lifetime was ~ 1 1 0 wi' in the absence of Qg and ~60 ns in liposomes 
containing Qg. 

In step d>, a Qg near the outer surface accepts an electron from Q" of Q'-P-C* . In step the radical 
anion Qg" accepts a proton from the nearby aqueous phase, forming a semiquinone Qg'H. Step ® indi- 
cates diffusion ofQg'H across the membrane toward the interior aqueous phase where the oxidizing caro- 
tenoid moiety is located, and there becomes reoxidized to form Qg'^H [step ®]. Evidence for this 
reaction is provided by the diminished lifetime ofthe radical cation C* in the presence ofQg, as mentioned 
above. The protonated quinone shuttle releases a proton [step ®] and then diffuses toward the exterior 
region [step ®] and completes the cycle. 

Protonation in step (D and de protonation in step ® result in the transport of protons across the liposome 
membrane and the formation of a proton gradient. The transport of protons into the membrane interior and 
the accompanying decrease in pH is indicated by the increase in the ratio ofthe amplitude ofthe fluores- 
cence excitation spectrum of pyraninetrisulphonate (emission monitored at 501 -nm) when excited at 406 
nm to its amplitude when excited at 456 nm, i.e., 1406 / 1456 - As shown by the series of excitation spectra in 
Fig. 25 (C), the increase in the amplitude of the 406-nm excitation band of pyraninetrisulphonate with 
increasing irradiation time ofthe liposomes containing the triad represents an increase in the population of 
the protonated form ofthe indicator dye**. Additional evidence for proton transport taking place in the 
photoreaction was obtained by the observation that addition of the protonophore FCCP to the irradiated 
liposomes completely dissipated the proton gradient, as shown in Fig. 25 (D). It is particularly worth 
noting that the reaction, as constructed, is a cyclic process, /.e., proton translocation can continue without 
the expenditure of secondary donors and acceptors as long as light energy is provided. 
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Figure 25. (A) Structure of an artificial photosynthetic reaction center, the molecular triad C-P-Q, and the proton-shuttling quinone, 0$; 
(B) Schematic diagram showing orientation of the triad in the liposome and the sequence of events after photoexcitation (see table at 
right and text for details); (C) Fluorescence excitation spectra of the pH-indIcator dye pyraninetrisulphonate as a measure of the concen- 
tration of the protonated form of the indicator dye; (D) Fluorescence excitation-band intensity as a function of irradiation time in the 
absence and in the presence of FCCP. Figures adapted from Steinberg-Yfrach, Liddell, Hung, (AL) Moore, Gust and (T A) Moore (1 997) 
Conversion of light energy to proton potential in liposomes by artincial photosynthetic reaction centres. Nature 385: 239-241 . 
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The ability of the artificial photosynthetic membrane to effect proton translocation and thus to generate 
a proton-motive force should be useful in carrying out various energy-linked processes, including ATP 
synthesis. This was soon achieved by Steinberg- Yfrach, Rigaud, Durantini, (AL) Moore, Gust and (TA) 
Moores 2 who reported the results of incorporating ATP synthase into the artificial Q-P-C liposome. The 
liposomes used here were prepared from phosphatidylcholine and phosphatidic acid (both from egg) in a 
10:1 weight ratio plus 20% cholesterol. Liposomes, with spinach CFo’F, ATP-synthase incorporated, 
were reported to contain -1000 triad molecules and ~500 Qs molecules per liposome, the diameter of each 
liposome being about 150 nm. Proteoliposomes prepared by adding the liposomes to detergent-solubilized 
protein and then slowly removing the detergent with Biobeads contain just one CFq’Fi ATP-synthase 
molecule per liposome and in the preferred orientation, i.e., with the CF| sector extending into the exterior 
aqueous phase [see Fig. 26 (A)]. 
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Fig. 26. (A) Model for the artificial photosynthetic membrane constructed of liposomes incorporating the molecular triad, Q-P-C, the 
proton shuttle (Qs), and the chloroplast CFo*6i synthase; see text for other details; (B) Assay for ATP formation from the luminescence- 
spectrum intensity due to the ATP-dependent oxyluciferin (irradiation time for each curve is indicated); c.p.s.=counts per second. (C) 
Rate of ATP synthesis plotted against illumination intensity, showing the light-limiting region (<0. 1 mW/cm*) at left and light-saturating 
region at right; (D) Dependence of ATP formed as a function of irradiation time (see text for details). Figure source: (B), (C) and (D) 
Steinberg- Yfrach, Rigaud, Durantini, (AL) Moore, Gust and ((TA) Moore (1998) Light-driven production of ATP catalysed by CFoFr 
ATP synthase in an artificial photosynthetic membrane. Nature 392: 480, 481 . 
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ATP formation was carried out by directing a diffused beam of 633-nm light from a NeHe laser into a 
sample of artificial liposomes containing the triad, Qg, CFq»F, ATP-synthase, and other necessary reagents 
(ADP, P., etc.) at pH 8. Light-induced ATP synthesis was measured by luciferin/luciferase assay. As 
shown in Fig. 26 (B), the amplitude of the ATP-dependent, steady-state luminescence of oxyluciferin 
clearly shows that the ATP concentration increases with the irradiation time (indicated inside the figure for 
the emission spectra). The zero-time emission was attributed to ATP contamination (about 1 part per 
thousand of ADP) in the original ADP. Control experiments showed that deletion of any of the essential 
components (the triad, Q^, the CFq»F, -synthase, ADP, or P. ) from the irradiated sample yielded a lumines- 
cence identical to that of the unirradiated sample. As with the effect ofFCCP on proton pumping described 
earlier, the addition ofl pM FCCP also abolished ATP formation. 

The authors also measured the quantum yield of ATP synthesis by the artificial photosynthetic mem- 
brane. The quantum yield was measured under light-limiting conditions, and ATP-synthesis rates were 
determined from the linear portion ofthe curve shown on the left-hand side of Fig. 26 (C), or ^ 0. 1 mW/ 
cm^; and it was calculated that 14 photons absorbed by the sample produce one ATP molecule. The right- 
hand side ofthe figure shows the saturating-intensity regions he above 0. 1 m W/cm^. Taking into consider- 
ation light scattering ofthe liposome sample, it was estimated that -50% ofthe incident light was actually 
absorbed, giving a quantum yield of -0.15, which suggests a rather high quantum yield for the formation 
ofthe redox equivalents and the resulting proton transport. The broadening ofthe porphyrin Soret-band in 
the liposomes may be indicative of aggregate formation among the triads, and possibly including that 
would facilitate rapid intermolecular charge transfer and thus reduce wasteful charge recombination. 

The authors also noted that cyclic electron transport and coupled proton translocation can apparently 
operate efficiently over a long period oftime. Fig. 26 (D) shows ATP formation as a function of irradiation 
time under two different conditions, in each case a linear relationship being observed with irradiation time. 
In the presence ofFCCP or tentoxin (another specific inhibitor) or in the absence ofQg or ADP, no ATP 
was formed. The authors made the interesting suggestion that such an efficient artificial photosynthetic 
membrane may find practical use for biological or biomimetic processes requiring an input of energy. 



IV. Mechanism of ATP Synthesis 



Energy associated with the electrochemical proton gradient constitutes the immediate driving force for 
ATP synthesis by Fo*F] ATP synthase or the H'^-translocating ATP synthase. The currently accepted 
model for describing ATP synthesis by Fq’F | ATP synthase through the utilization of a proton gradient 
was developed by Boyer and coworkers during the early 1970s. Boyer, Cross and Momsen*^ had made the 
unexpected observation that ATP was formed by ATP synthase even in the absence of a proton gradient, 
but it was not released from the catalytic site without protons flowing through the enzyme. These authors 
found that when ADP and P; were added to ATP synthase in H2'*0, '*0 became incorporated into P;, 
indicating that ATP had been formed, and then hydrolyzed back to ADP. Analysis showed that, consistent 
with the primary observation, P; upon asssay had more than one mole of '*0 per mole ofPj, indicating that 
the terminal pyrophosphate bond must have been broken and remade several times before Pj was assayed. 
In other words, the '*0 isotope is acquired by the Pj released upon bond breakage from ATP upon hydroly- 
sis by H 2 '* 0 , i.e., 
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The rate of '*0 incorporation showed that ATP and ADP are in equilihrium at the catalytic site, imply- 
ing that ATP formation from enzyme-hound ADP can proceed at the catalytic site without an external 
energy input hy an imposed proton gradient. This reaction is also insensitive to phosphorylation uncouplers 
such as dinitrophenol and can he catalyzed even hy water-soluhle MF| and CF, complexes. However, ATP 
is not released from the catalytic site without an external energy input, i.e., a proton flux through the 
enzyme. These observations led Boyer and coworkers to formulate the so-called “binding change theory” 
to explain the mechanism for ATP synthesis. 



IV. A. The Binding Change Theory 

The Fi complex contains three a- and three P-subunits that together form three neighboring catalytic 
[ap] sites. Protons pass through Fq, while ATP synthesis takes place in F,. Coupling between Fq and F, is 
the result of utilizing the electrochemical energy derived from proton translocation byFotoFjfor the 
endergonic reactions of ATP synthesis in F|. Based on various experimental results, including those de- 
scribed earlier, Boyer and Kohlbrenner*"^ put forward the following postulates for ATP synthesis by mito- 
chondria and chloroplasts, which we quote here: 

( 1 ) Energy promotes a binding of ADP andPj in a manner that favors tightly bound ATP formation. 

(2) Interconversion of bound ADP and Pi to tightly bound ATP is largely or wholly independent of 
energy input. 

(3) Energy promotes release of ATP tightly bound to a catalytic site. 

(4) The binding changes result from energy-linked interconversion of cooperative catalytic sites.” 

The three catalytic [ap] subunits are chemically identical but at any given moment are conformationally 
nonequivalent. Each of the three catalytic sites [aP] sequentially passes through a cycle of three states, 
which are, in the order of increasing affinity toward the substrates (ADP and Pj) and product (ATP), are 
referred to as (see Fig. 27): 

(1) The open site (“O”), or [aPJo. that has very low affinity for the ligands and is catalytically inactive; 

(2) The loose site (“L”), or [aP]i,.that binds the ligands loosely and is also catalytically inactive; and 

(3) The tight site (‘TO^ or [aP] r, that binds ligands tightly and is catalytically active. 

These three subunits of ATP synthase apparently interact in such a way that catalysis essentially depends 
on cooperation between the three sites. Let us look at the sequence of conformational-state changes during 
ATP synthesis undergone by the proton-translocating ATP synthase, according to this energy-dependent, 
binding-change mechanism: 

® Referring to Fig. 27, let us assume that the enzyme at the beginning has ATP bound to an [ap]y site, 
ADP and Pj bind to the [aP]L site; 

® A proton gradient-induced conformational change ofthe three catalytic sites takes place simultaneously, 
[aP]L->[ap]T, [aP]T->[aP]o,and [aP]o->[aP]L- During this transition, the newly formed [apj-j- state 
tightly binds the substrates ADP and Pj. 

® The conformational change [aP] 7 ~»[aP]o in step ® enables ATP to dissociate from the newly formed 
[aPJo site (previously the [apj^site). 

® The conformational change [apjL— >[aP]r in step ® promotes the synthesis of ATP from the tightly 
bound ADP and Pj at the [aPJ-rsite (previously the [aPJt site). 
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Fig. 27. Illustration of the binding change mechanism for ATP synthesis by the proton-translocating ATP synthase. F, has three chemi- 
cally identical but conformationally distinct interacting subunits designated as “0” [open], “L” [loose] and T [tight]; see text forfurther 
details on how the three catalytic [a|)] sites pass through three conformational states driven by proton flux. Figure modeled after Cross 
(1981) The mechanism and regulation of ATP synthesis by F^ATPases. Annu Rev Biochem 50: 687. 

During a second and third cycle ATP is synthesized in each of the other two active sites in turn, returning 
the F] complex to its initial state. Thus, catalysis in F, appears to he a highly cooperative process, as 
release ofproduct ATP is very slow when only one site is occupied. When a substrate is hound at a second 
catalytic site, the release rate increases dramatically, hy as much as a million-fold,. 

Fq, it seems, has only one proton channel and thus only one catalytic site can he coupled to a proton 
channel at a time. A sequential catalytic reaction in ATP synthesis would therefore require a rotation of 
parts ofF] and Fq, or at least parts ofeach, relative to one another, and imply an asymmetric structural and 
functional configuration ofthe ATP synthase enzyme. The binding changes that occur during the catalytic 
process apparently result from the rotation of some subunit or assembly of subunits of Fq relative to those 
of Fi . An account ofthe detailed mechanism of subunit movement will be presented below. 

For some time after the binding change theory was proposed, the manner by which energy ofthe proton 
gradient is extracted and transmitted to the catalytic sites for ATP synthesis remained a major unanswered 
question. Boyer and Kohlbrenner suggested that the required binding changes are coupled to proton 
transport by the rotation of a complex containing the y-subunit, and extending through the center of [a»|3]3, 
as illustrated in Fig. 28. Here, again, the three [a(3] subunits are viewed from the top of F], and remain 
stationary with respect to the membrane. Note that the rotational sense of the states of subunits in this 
figure is based on the X-ray crystallographic results [see Section IV.B . 1 . below] . In step ©, rotation of the 
y-subunit induced by the proton gradient causes conformational changes in the three catalytic sites result- 
ing in a change in the binding affinity ofeach site for substrate. In step the tightly bound ADP and Pj 
in [aPJ-j-spontaneously form ATP, which is then released during the next stage ofthe cycle of binding 
changes, when this [apj-j- site is transformed into an [aPJo site. 



ADP+P, 





Fig. 28. Model for the binding-change mechanism for ATP synthesis by the proton-translocating ATP synthase showing conformational 
and affinity changes in the states ofthe three [ap] catalytic subunits resulting in the binding of ADP+P, and the release of ATP. Figure 
source: Cross and Duncan (1 996) Subunit rotation in FoF\-ATP synthases as a means of coupling proton transport through Fq to the 
binding changes inF,.J Bioenerg Biomembr 28: 404. 
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IV.B. Experimental Evidence for Binding Change 

It may be of interest to mention at this point that, with the rapid growth of research in this area, the 
concept of the coupling between ATP synthesis and proton translocation being mediated by a rotary mo- 
tion of one or more central subunits has gained tremendous ground in the past several years. Timely 
advances in this subject have resulted in the awarding of the 1997 Nobel Prize for chemistry to three 
workers, Paul Boyer (UCLA), John Walker (Research Council Laboratory of Molecular Biology, Cam- 
bridge), and Jens Skou (Aarhus University, Denmark), for their achievements in the field of ATP synthesis. 
The contributions of Boyer and Walker, in particular, are directly related to the binding change theory 
discussed here. The very extensive reference to recent investigations that relate to the binding change 
theory bears witness to the rapid advances being made on this topic. 



IV.B. 1. Structural Evidence from the Crystal Structure and Electron-Microscopic Images 

In the late 1960s, the field of bioenergetics and ATP synthesis was stimulated by Peter Mitchell’s chemi- 
osmotic theory and, for which Mitchell was awarded the Nobel Prize in 1978. Currently, we have a similar 
situation, namely, the stimulation provided by Boyer’s binding change theory of ATP synthesis. Capaldi^^ 
has aptly described how the three-dimensional structure work probably had the effect of “reenergizing” 
thinking on the molecular mechanism of ATP synthesis. 

Three-dimensional structure of an MF i -subcomplex (a*P)yy. The three-dimensional structure of the F]- 
subcomplex (a 3 »P 3 *y) prepared from bovine heart mitochondria was determined by X-ray diffraction at 
2.8 A resolution by Abrahams, Leslie, Lutter and Walker^. A partial side view ofthe crystal structure of 
thea 3 »p 3 »y subcomplex is shown in Fig. 29, right. [Also see the top and side views ofthea 3 *P 3 subcomplex 
of Fj-ATP synthase from the thermophilic Bacillus PS3 in Color Plates 16 (A) and (B)]. In Fig. 29 the 
tts'Ps'y Fpsubcomplex appears as a slightly flattened sphere 80 A high and 100 A across. The relationship 
of the a- and p-subunits being compared to that of alternating segments in an orange with the subunits 
surrounding a 90 A-long a-helix containing the N- and C-termini of they-subunit (see Fig. 29). The 
bottom portion of the y-subunit consists of a left-handed, antiparallel-coiled structure protruding about 30 
A below the a 3 »p 3 main body and form a part ofthe stalk between F, and Fq. 

A partial view ofa 3 »P 3 »y is shown with only one a- and one P-subunit (corresponding to the shaded 
subunits depicted at left) in Fig. 29, right. The folding in an a-subunit is similartothatin a P-subunit and 
arranged into three major domains. The top portion consists of a six-stranded P-barrel near the N-termi- 
nus. The barrels of all six subunits forming a continuous P-sheet that serves to link together and thereby 
stabilize the ringlike structure ofalternating aand Psubunits. The middle portion, consisting of a nine- 
stranded P'Sheetand nine associateda-helices, is the nucleotide-binding domain. A bottom portion near 
the C-terminus is a bundle of 7 a-helices in each a-subunit and 6 in each p-subunit. This region appears 
to be the main contact point between F) and the y- and s-subunits. In each ofthe a and p subunits, the p- 
barrel and the nucleotide-binding domains are separated, but the nucleotide -binding domain and the helical 
bundle are slightly interlocked. Detailed information on the amino acids involved in nucleotide binding can 
be found in the original article^. 

The y-subunit is only partially resolved by X-ray diffraction and only the amino acids y: 1-45, y:73-90 
andy:209-272 were identified in the electron-density map; the 5- and s-subunits were also not resolved. 
The C-terminus (y:209-272) is along a-helix running the entire length ofthe hydrophobic cavity of a 3 »P 3 
of F, and extending down into the stalk region. The N-terminal a-helix (y: 1-45), which extends into the 
stalk region and partly into the F| catalytic domain, coils around the C-terminal a-helix. The segment con- 
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Fig. 29. Sketch of the three-dimensional structure of the bovine F|-ATPase (left). Subunits labelled with the subscript “DP" have bound 
ADP, those with "TP" have bound AMP-PNP, a non-hydrolyzable analogue of ATP, while those with “E" have no associated nucleotide. 
The figure on the right shows only one a- and one p-subunit, corresponding to the two on the left by shading. "DELSEED" segment 
contains amino-acids 394 to 400 in MF,. Figure source: Abrahams, Leslie, Lutter and Walker (1994) Structure at 2.8 A resolution of 
Fy-A TPase from bovine heart mitochondria. Nature 370: 623. 

taining y:73-90 forms a short a-helix attached at a right angle to the other two a-helices. This short a- 
helix interacts with the “DELSEED” segment (amino acids 394-400 in MFj) in the C-terminal domain of 
the P-subunits. This “catch” interaction between the P- and y-subunits (see below) is indicated by an 
asterisk in the figure. About half of the y-subunit, as well as the 5- and s-subunits, which form the stalk 
portion of the enzyme, were disordered and not resolved. 

Two aspects of the crystal structure provide evidence to support the binding change theory as well as the 
subunit rotation mechanism in ATP synthesis. Examination of the crystal structure of the a 3 *P 3 »y subcomplex 
reveals that at any given moment the three [a*P] catalytic sites have different conformations. This asym- 
metry of the three catalytic [a»P] subunits is consistent with the model for the binding change theory in 
which the three catalytic sites undergo a cycle ofconformational changes during ATP synthesis. The three 
different structures ofthe three different catalytic [a»P] subunits correspond to the O (open), L (loose) and 
T (tight) sites. 

Another important aspect revealed by the crystal structure ofthe a 3 *P 3 *y subcomplex, as can be seen 
from Pigs. 29 and 30, is the presence ofthe long y-subunit in the center cavity ofa 3 »P 3 in F]. It supports 
the notion that energy ofthe proton gradient is transmitted to the catalytic sites for ATP synthesis by way 
of the y-subunit relative to the a 3 *P 3 subassembly. Presumably the nature of contact of the y-subunit 
relative to the catalytic subunits could determine the conformational state of each. 

Movement of the y-Subunit revealed by Cryoelectron Microscopy . More recently cryoelectron micros- 
copy, which uses unstained specimens preserved in amorphous ice, has been applied to the study ofthe F | 
complex. Side views ofthe entire EcFo'Fj-ATP synthase and CF|»Fo-ATP synthase reconstituted in lipo- 
somes have already been shown in Fig. 7. 
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Gogol, Johnston, Aggeler and Capaldi®^ examined the F|-ATPase of£ coli hy cryoelectron microscopy 
and obtained evidence for rotation ofthey-subunit (possibly together with the 8-subunit) inside the cavity 
of the a 3 *P 3 domain. The authors used immunolabeling to correlate densities of image projections with 
specific subunits in the EcF| complex. The EcF| was reacted with Fab' fragments derived from mono- 
clonal antibodies to the a- and e-subunits, after which the localized label was detected and identified by 
subsequent microscopic examination. The electron micrographs showed the enzyme- antibody complexes 
to be labeled with Fab' fragments at different subunit sites in EcF|. By means of image analysis involving 
visual examination, alignment, filtering, and signal averaging, the EcF | images labeled with a combination 
of three anti-a Fab' fragments plus an Fab' directed to the e-subunit were classified into three image 
classes [Fig. 30 (A, B and C)]. The enzyme- antibody complexes appear as a hexagonal projection with the 
a- and p-subunits arranged around the periphery of a central cavity. The three P-subunits(one at the top- 
center, the other two at the southeast and southwest corners) have different densities in projection. These 
different features were used to orient the images and to establish the position ofthe y- and 8-subunits. In 
each ofthe three classes there is clearly a seventh protein density located in the interior ofthe cavity, and 
positioned asymmetrically and close to one of the peripheral P-subunits. 

The three classes of images (A, B and C in Fig. 30) obtained by the above-described procedures and 
showing a central density near each ofthe three P-subunits clearly suggest that the central density does not 
reside in a single, fixed location with respect to the peripheral subunits, but is located adjacent to one or 
another of the three P-subunits. In image A the central density is next to the P-subunit on which the anti- 
8 Fab' is superimposed. In the other two classes, the central density is closest to one or the other ofthe two 
other P-subunits. 




Fig. 30. Averaged images of Fab'-labeled EcF, complexes after sorting into three classes in which the central density is located adja- 
cent to a different p-subunit. Figure source: Gogol, Johnston, Aggeler and Capaldi (1 990) Ligand-dependent structural variations in 
Escherichia coli F, A TPase revealed by cryoelectron microscopy. Proc Nat Acad Sci, USA 87: 9588. 

Gogol et al.^ further examined the effects ofnucleotide-binding conditions on the location ofthe central 
density in EcF). Significantly, the central density apparently responds to the binding or hydrolysis of 
Mg* ATP. When ATP was added, with EDTA but without Mg^^, so that substrate turnover is prevented, an 
equal distribution ofthe central density among the three P-subunits was obtained. When both ATP and 
were present, ATP hydrolysis is allowed; in this situation the percentage of image A dramatically 
increased while the percentage ofthe image B was almost zero. A similar unequal distribution of images 
was obtained when ADP, Pj and Mg^' were added. 

It is known that ATP synthesis takes place at one catalytic site at a time on F]. The rate-limiting step is 
the release ofthe product ATP, followed by substrate binding at the same catalytic site (see Fig. 28), which 
then becomes the active site during the next catalytic cycle. The above observations clearly suggest that the 
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location of the y/e-subunit represented by the central density in the enzyme is correlated with the state of 
the a 3 »P 3 complex, in response to the ligand binding change, and that the movement is involved in coupling 
the proton channel in Fq to the catalytic sites in F) . 

IV.B.2. Chemical Tests for Rotation ofSubunit(s) in the EF■^ Complex 

According to the binding-change mechanism, ATP synthesis or ATP hydrolysis in the F i complex is 
coupled to the energy generated in the proton channel of the Fq complex, the coupling mechanism being 
the rotation of the y-subunit inside the cavity of a 3 »P 3 . Thus it would be reasonable to expect that if the y- 
subunit were somehow “tethered” to the a- or P-subunit, the rotary movement of the y-subunit would be 
prevented and, as a consequence, ATP synthesis or ATP hydrolysis would also cease since the binding- 
change mechanism would no longer function. 

Formation of a Disulfide Crosslink between the ffand y Subunits. In the three-dimensional structure 
of the a 3 *P 3 *y subcomplex of MF|, as shown in Fig. 29, Cys-87 of the y-subunit is very close to the 
DELSEED sequence in a P-subunit (each being marked by an asterisk) of the F i complex. Duncan, Zhou, 
Bulygin, Hutcheon and Cross^’ tried to test the idea ofrotary movement by the y-subunit inside the cavity 
of the a 3 *P 3 hexamer by verifying the (380)DEESEED(386) sequence in the E coli Fo*F]-ATPase. They 
prepared mutants by substituting, one at a time, three amino acids in the sequence with cysteine, i.e., 
P: Asp-3 80 / Ser-383 / GIu-384^Cys, and examined the effects of these substitutions. The three mutant 
membrane samples showed ATPase activity similar to that of the wild-type Fo«F j . However, when the 
membranes were treated with the sulfhydryl-specific reagent DTNB [5,5'-dithiobis-(2-nitrobenzoate)],no 
effect was found on the ATPase activity ofthe wild-type membrane or the P:Ser-383-^Cys mutant, but the 
P:Asp380->'Cys membrane was totally inactivated and that ofthe P:Glu-384->^Cys mutant was partially 
inactivated. Furthermore, DTNB inactivation ofthe P: Asp-3 80->Cys membrane could be reversed when 
treated with excess dithiothreitol (DTT). 

As known from other studies, protein sulfhydryl groups present near each other will form a disulfide 
bond iftreated with DTNB. On this basis, DTNB treatment ofthe wild-type should have no effect, whereas 
disulfide-bond formation between p: Asp-3 80->Cys and y:Cys-87 would be expected to result in the inac- 
tivation of ATPase as the y-subunit would now be tethered to the P-subunit and rotation of the y-subunit 
would be prevented. The quoted results apparently show that y:Cys-87 indeed forms an inter-subunit 
disulfide bond with P; Asp-3 80->Cys, in agreement with the inactivation found in this mutant ATPase and 
also with prediction made on the basis of the three-dimensional structure of the a 3 *P 3 *y subcomplex®. 
Additional experiments with a double mutant p: Asp-380-»Cys / y:Cys-87->Ser, on the other hand, showed 
little ATPase inactivation when treated with DTNB, in accord with the expectation that no P-y intersubunit 
disulfide bond would be formed. 

The above results are summarized in Fig. 31 for wild-type and mutant subjected to various treatments. 
The ATPase hydrolysis activity and the quantity for all membrane samples is expressed as the correspond- 
ing percentage ofthe quantity found in the untreated control. Results for the wild-type membrane (lane 1) 
show the full amount of the P- and y-subunits as well as full hydrolysis activity. In the EcF][P:Asp- 
380— >Cys/y:Cys-87] membrane, a predominant cross-linked p»yband at 86-kDais found after treatment 
with DTNB, along with a corresponding decrease in the bands for the P- and y-subunits, as shown in 
lane 2. In the table below the SDS-PAGE lanes, the data under lane 2 indicates that the band representing 
the y-subunit virtually disappeared and the ATPase was essentially inactivated, with the full development 
of a corresponding band for the P»y intersubunit complex. As expected, formation ofthe P*y intersubunit 
complex was associated with a loss of 1/3 ofthe P-subunits. 
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Fig. 31. Reversible inactivation of F, (p:Asp-380->Cys) by formation of a specific p*y intersubunit disulfide bond. Wild-type (w.t.) and 
mutant F, samples were treated with DTNB and aliquots were taken for SDS-PAGE and ATPase assays. See text for other details. 
Figure source: Duncan, Bulygin, Zhou, Hutcheon and Cross (1995) Rotation of subunits during catalysis by Escherichia coli F,- 
ATPase. Proc Nat Acad Sci, USA 92: 10966. 

Both cross-linking between the P- and Y-subunits as well as inactivation of ATPase (hydrolysis) are 
completely reversed by reduction with excess dithiothreitol (DTT), as shown in the third lane. As shown in 
lane4, the double mutant EcF|[p:Ser-383-»Cys/y:Cys-87->Ser], in which the original cysteine inthey- 
subunit was replaced by serine, apparently underwent no cross-linking to form an intersubunit p-ybond 
nor suffered inactivation of ATPase hydrolysis. However, a minor band at 101 -kDa is present in the SDS- 
PAGE for the double-mutant membrane; this band has been attributed to a dimer ofp-subunits, whose 
predicted molecular mass is 100.6 kDa. 

Rotation of the Y-Submit in theEcF, - ATP Svnthase . Duncan,Cross and coworkers^^ carried out addi- 
tional experiments to see whether the y-subunit would, through its rotation during the catalytic cycle, 
interact sequentially with each of the P-subunits, as predicted by the rotary model ofthe binding change 
mechanism. The design ofthe experiment is illustrated in Fig. 32. 

®. The starting mutant EcF| complex, with DTNB treatment, forms disulfide bond between the y-subunit 
and a P-subunit in the tight-binding state, i.e., EcF|[(Px:Ser-383-»Cys)::(y;Cys-87)], where rep- 
resents the disulfide bond. 

®. The DTNB-treated EcF| is then dissociated, by two freeze-thaw cycles, into subunits, without break- 
ing the inter-P::y disulfide bond. The DTNB-treated EE, an be dissociated into subunits . 

It was found that the dissociated subunits could be reconstituted and enzyme activity regained significantly 
after reduction with DTT to break the disulfide bond. This result shows that it should be possible to 
exchange the two non-crosslinked P-subunits with^^S-labeled P:Ser-383—>Cys* subunits, thus making 
them distinguishable from thenon-radiolabeled P-subunits temporarily attached by a disulfide bond toy. 
(“*” is used to represent the radiolabeled ^^S). 
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Fig. 32. Steps in an experimental design to test the rotary feature of the binding change mechanism. Steps labeled [®-®] in the figure 
are described in the texts. Figure adapted from Duncan, Bulygin, Zhou, Hutcheon and Cross (1995) Rotation of subunits during cataly- 
sis by Escherichia coli F,-A TPase. Proc Nat Acad Sci, USA 92: 1 0965. 

®. Mixing p: :y subunits radiolabeled with P: Asp-3 80->Cys* andy;Cys-87->Ser subunits iu2:l molar 
ratio. 

®. Reassociation to form selectively radiolabeled EcF, hybrids. The newly introduced, radiolabeled p- 
subunits are shown with a *-superscript on the S-atom in the figure. 

®. The reconstituted EcF] is reduced by DTT to break the P::y disulfide bond. 

®. The reconstituted EcF| hybrids are enzymatically activated by the addition of Mg^'^and ATP. 

® . The reaction mixture is then treated with DTNB again to allow the P: :y disulfide bond(s) to be formed 
and then assayed by SDS-PAGE. The^^S distribution in the radiolabeled p-subunitofthe 86-kDa P::y 
band on the SDS-PAGE was assayed by photodensitometry. 

The results showed the level of the radiolabel in the P-band was approximately twice that in the p-band 
containing the cross-linked 86-kDa P"y, thus providing compelling evidence for rotation of the y-subun it 
during the catalytic cycle. As the y-subunit interacts equally with each of the three P-subunits during the 
enzyme turnover, it cannot accomplish equal interactions with each P-subunit without rotation ofthe entire 
y-subunit inside the center cavity ofFi. In the absence of catalytic turnover, i.e., without Mg^'*' and ATP, 
the majority ofthe 86-kDa P;;y showed only minor radioactivity. 

Rotation ofthe Y-Subunit in the Memhrane.-hound EcF y -ATP Synthatn. Zhou, Cross and coworkers^^ 
extended the above experiments with the EcF| complex to the membrane-bound EcFq'F] in order to estab- 
lish the physiological relevance ofy-subunit rotation during the catalytic cycle of membrane-bound ATP 
synthase. As with the EcFi complexjust described, a complex with the p::y intersubunit disulfide bond, 
i.e., EcF|[P:Ser-383^Cys::y;Cys-87],can be made and can rebind to F|-depletedmembranes to restore 
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ATP synthase activity upon reduction of the disulfide bond with DTT. It is also possible to exchange the 
two originally non-crosslinked (3-subunits withradiolabeled subunits. 

For the membrane-bound EcFq’Fi, the authors used a (3-subunit with an N-terminal flag epitope (an 
antigenic site). The EcF| complex containing (3-subunits with a flag epitope in theN-terminus still has ATP 
hydrolysis activities within the normal range for wild-type enzyme preparations and, can therefore be used 
for the sensitive detection of labeled P-subunits (using anti-flag monoclonal antibodies). A sequence of 
steps similar to that described above for the EcF | complex was carried out. After reconstitution of the 
membrane with EcFo*F|,the sample was subject to reduction with DTT (to break the P::y cross links), 
ATP hydrolysis, and finally treatment with DTNB. From the SDS-PAGE assay of the sample after expo- 
sure to conditions supporting ATP hydrolysis, a significant amount of crosslinking of PoagWas detected in 
the 86-kDa cross-linked protein band. On the other hand, if the reduced membrane was only exposed to a 
buffer or to a condition that does not allow catalytic turnover, little or no pn^g was detected in the 86-kDa 
protein band. These results again demonstrate thaty-subunit rotation took place within the membrane- 
bound EcFo'FvComplex during the catalytic turnover. 

The authors further found that y-subunit rotation was blocked when the Fq complex was modified by 
dicyclohexylcarbodiimide (DCCD), the lipid-soluble carboxyl reagent that is known to inhibit proton 
transport by reacting with a carboxylate residue on one ofthe c-subunits in Fq (Glu in MFq; Asp in EcFo). 
These results demonstrate that the reconstituted EcF| can rebind to Fq to form a functional, membrane- 
bound EcFq’Fi complex and thaty-subunit rotation in F, is functionally coupled to Fq. This is also 
consistent with the long-held notion of a long-range conformational interaction between Fq within the 
membrane and the catalytic nucleotide-binding site on the extrinsic F | complex. 

Rotation ofthe y-£ Subunit Domain in EcF n»F^ -ATP Svnthase . The results described in the three 
sections and results obtained by spectroscopic measurements to be described below clearly show that 
proton translocation in Fq is coupled to the catalytic site in F| by rotation ofthe y-subunit inside the cavity 
of ttj'pj in F) . Capaldi and coworkers recently focused their attention on possible conformational changes 
and rotary movements in the remaining two subunits, namely 5 and E, during the catalytic turnover in 
EcFo*F]-ATP synthase. Capaldi etal. prepared various mutants, including single, double and triple mu- 
tants ofEcF I and tested their activity after intersubunit disulfide bond formation induced by oxidation with 
CUCI 2 . The studies using disulfide-bond formation between the various mutant subunits containing cys- 
teines provided insights into the dynamics of structural changes in EcF| and EcFq’Fi complexes. 

Aggeler, Houghton and Capaldi^** prepared two EcF| double mutants. In one of them the DELSEED 
residue Glu-381 ofthe (3-subunit and in the other the homologous residue Ser-411 of an a-subunit were 
replaced by cysteines, i.e., EcF|[p:Glu-381->Cys] and EcF,[a:Ser-41 l->Cys], respectively. In both of 
them the residue Ser-108 in the E-subunit was also replaced by cysteine, in addition to the already existing 
endogenous y:Cys-87. Introduction of mutations alone apparently had no affect on the enzyme activity, as 
both mutants showed the same level of ATPase activity found in the wild-type enzyme. Treatment of each 
mutant with CUCI 2 induced formation of disulfide bonds to give 

EcF|[(P:Glu-381->Cys)::(E:Ser-108->Cys)] and 

EcF I [(a;Ser-4 1 1 ->^Cys)::(e;Ser- 1 08->Cys)], 

as well as disulfide bonds formed with the endogenous cysteine in the y-subunit. With the formation of 
either the P::y or the p::£ disulfide bond, enzyme activity was inhibited in proportion to the yield ofthe 
cross-linked products. This would be expected if disulfide-bond formation resulted in the prevention of 
rotation of the y*E subunit domain and therefore blocking ofthe associated conformational changes re- 
quired for energy coupling between F | and Fq. These results are also consistent with the previously shown 
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projection images obtained by cryoelectron microscopy (see Fig. 30) which showed movement of the y- 
and e-subunits inside a 3 »Pj ofFi. 

Ogilvie, Aggeler and Capaldi®' prepared a mutant ofEcFo'FpATP synthase in which the glutamine at 
position 2 ofthea-subunit was replaced with cysteine, i.e., EcFq’F) [a;G!n-2—>Cys/5:Cys- 140], where 
the cysteine in the 8-subunit is endogenous. Treatment of this mutant or only the EcF| portion of the 
mutant with CuClj would result in the formation of a disulfide bond between it and the endogenous cys- 
teine in5:Cys-140, i.e., ana::8intersuhunit disulfide bond, EcF|[(a:Gln-2->Cys)::(5:Cys-140)], innearly 
90% yield. However, the ATPase activity of either EcF, or EcFq’F) was not significantly affected by the 
cross-linking. The formation ofa;:5 crosslinks suggests, first of all, that the two subunits are in close 
proximity, and that the crosslink is near the top of the a 3 »P 3 -trimer. Since cross-linking the 8 and a 
subunits does not affect the ATPase activity of the enzyme or proton translocation, the authors argued that 
the function of the 8-subunits is probably to serve as a connector only to join F, and Fq. Previously ,Lill, 
Hensel, Junge and Engelbrecht^^ showed that as many as five Ser->Cys mutations could be introduced 
into the 8-subunits of chloroplastCFo'Fj. They found that 8:Ser-l 0->Cys cross-linked with any one of the 
62 N-terminal residues ofsubunit P, and 8:Ser- 1 66— >Cys cross-linked within the N-terminal 192 residues 
of subunit a, but neither ATP hydrolysis by CF j nor its ability to reassemble with CFq was affected. 

Aggeler, Ogilvie and Capaldi^^ further explored the function of the £- and 8-subunits in the rotary 
movement of the y-subunit by preparing a triple mutant in which the a-subunit can be cross-linked with 
the three small subunits in various combinations. The mutations include replacement with cysteine ofGln- 
2 in one a-subunit, Ser-411 in another a-subunit and Ser-108 in the e-subunit. The triple mutant also 
contains the endogenous cysteine-87 in the y-subunit and cysteine-140 in the 8-subunit, i.e., 

EFo'F| [a:Gln-2^Cys / a:Ser-4 1 1 ->Cys / e:Ser- 1 08->Cys / y:Cys-87 / 8:Cys- 1 40] 

Again, the ATP hydrolysis rate and proton-pumping activity ofthis triple mutant were unchanged from 
the wild-type EFq'Fi, indicating that enzymatic function ofthe EcFq'Fi complex was not disrupted by the 
introduction ofthe three mutations. After the triple mutant had undergone catalysis and then treated with 
CuCl 2 , the products were analyzed by SDS-PAGE. Free 8- and e-subunits were no longer found, the y- 
subunit band is much reduced, and the a-subunit band is reduced by -85%. Five cross-linked products 
could be resolved on SDS-PAGE and identified by using monoclonal antibodies againstthe Fl-subunits. 
The five cross-linked products are a::8::y, a::y, a::8::e, a::8 and a::e. 

The 8-subunit appears to be evenly distributed among these cross-linked products that contain that 
subunit, namely, a::8::y, a::8::e and a::8. The results also show that the y- and e-subunits can each 
cross-link separately with an a-subunil: that also has a 8-subunit attached to it, forming a::8::y and 
a::8::e. However, the y- and e-subunits are never cross-linked to the same a-subunit, i.e., there is no 
a:;y;:s. Based on known activity effects of cross-linking the y-, e- and 8-subunits, both the a::y and a::e 
disulfide bonds block enzyme function, whereas the a::8 disulfide bond has no such effect. It is reason- 
able, therefore, to conclude that the y- and e-subunits move together as a mobile domain in the native 
complex and the 8-subunit must be fixed to one ofthe three a-subunits. This particular a-subunit is visited 
by both the y- and e-subunits since both a:;8;:y and a:;8::e cross-linked products were obtained. 

All these results taken together allow us to visualize a likely mechanism for the catalytic cycle as a 
rotation in terms ofthe y»e-subunit domain within the [a*p] 3 in Fj, as illustrated in Fig. 33. After many 
enzyme turnovers and the rotation ofthe ye subunit domain has stopped, 1/3 ofthe y*e subunitdomains 
are expected to end up at each of the three a»p pairs, consistent with the finding of approximately equal 
amounts of a*8*y, a»8 and a»S»e in the cross-linked products. The functional roles of these three small 
subunits will be discussed in Section IV.C. 1. below on the basis oftheir molecular structures. 




718 






Fig. 33. Rotation of y and e in EcFo'F, . The y- and s-subunits rotate relative to the (fixed) 6-subunit. Figure source. Aggeler, Ogilvie and 
Capaldi (1997) Rotation of a y-e subunit domain in the Escherichia coli FyFo-ATP synthase complex. The y-e subunits are essentially 
randomly distributed relative to the domain in the intact complex. J Biol Chem 272: 1 9623. 



/V.B.3. Spectroscopic Evidence for}*-Subunit Rotation from Photoseiection Experiments 

Initial evidence for subunit rotation in the F|-ATPase complex was by inference either from the crystal 
structure of the F|-subcomplex (X 3 »p 3 »y or from images obtained by cryoelectron microscopy that sug- 
gested subunit movement. Additional work utilizing various types of site-directed mutagenesis led to ex- 
tensive and convincing evidence that the y-subunit or even possibly the y»e subunit domain undergoes 
rotation during the catalytic cycle. All experiments discussed thus far were of a static nature, and most of 
them require rather detailed correlations to be made for their interpretation. In the remainder of this sec- 
tion, we will discuss attempts reported by two laboratories to indirectly or directly demonstrate subunit 
rotation using spectroscopic and fluorescence-microscopic techniques. 

Sabbert, Engelbrecht and Junge^"^ modified a chloroplastCFpATPase complex by labeling itsy-subunit 
with eosin-5-maleimide (abbreviated as e5m) [Fig. 34 (A)]. It is known that e5m forms a covalent bond 
with Cys-322 in they-subunitof CF,. The specific labeling by eosin was confirmed by fluorescence of the 
y-subunit band on SDS-PAGE viewed under UV-illumination. A sample was then prepared in which the 
e5m-labeled CF , is immobilized on an anion-exchange resin (Saphadex DEAE-50). 

The rotary movement of the y-subunit relative to theimmobilized 03*^3 was measured by a spectro- 
scopic technique called “polarized-absorption relaxation after photobleaching,” abbreviated as PARAP, 
as illustrated in Fig. 34 (B). An excitation laser flash (a 532-nm Q-switched Nd-YAG flash with 5 ns 
duration) and a continuous monitoring beam, both linearly polarized, impinge at right angles with respect 
to each other onto the sample cuvette. The excitation flash excites a fraction of the eosin chromophore 
molecules whose transition moments are parallel to the E-vector of the laser flash. The majority of the 
excited eosin molecules cross over from the excited singlet state into the triplet state and then decay to the 
ground state in <1 ms, but a minority of the eosin molecules is irreversibly bleached (estimated to be 
-0.2% in the absence of oxygen). The bleaching of this small fraction of eosin molecules (measured at 520 
nm) is used to probe the rotation of the y-subunit. 

Because of photoseiection by the linearly polarized excitation laser flash, the amplitude of the absorp- 
tion-change transients that are detected by the linearly polarized, continuous measuring beam differs de- 
pending on whether the E-vector of the monitoring beam is polarized parallel (AA^^) or perpendicular 
(AA^) to that of the excitation flash. If the chromophores are fixed, the difference between these two 
parameters will be expected to be constant, as shown in Fig. 34 (C) left. If the chromophores can rotate. 
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Fig. 34. Real-time measurement of rotation of the y-subunit inside the aj-pj head of F, by photoselection, (A) Model of the os^Pj^y 
subcomplex of CF,, with an eosin probe attached to the y-subunit; (B) Experimental arrangement using the spectroscopic technique 
called golarized absorption relaxation after ehotobleaching (PARAP) and the formula for analyzing rotational motion in terms of the 
polarized absorbance anisotropy parameter, r. (C) Left: idealized results of measured dA and the derived rvalue as a function of time; 
right; plot of the ratio of the polarization anisotropy factor r as a function of time to the maximum r-value after an excitation flash was fired 
at time zero for immobilized CFi+AMP-PNP (top trace, see also top right-corner box), immobilized CF,+ATP (middle trace), and free 
CF, in solution+ATP (bottom trace). For the cases at the top and in the middle, r was normalized to unity at zero time. Figure source: 
Sabbert, Engelbrecht and Junge (1 996) Intersubunit rotation in active F-ATPase. Nature 381 : 624, 
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however, the difference would be expected to decay, as shown in Fig. 34 (C), middle. Rotational motion can 
then be analyzed in terms ofthe “polarization anisotropy parameter,” r, using the Jablonski equation: 

f(/)=[(AA,)-(AA J] / [(AA,)+2(AA,)], 

where the decay of r directly reflects the rotary motion ofthe chromophore [Fig. 34 (C) right], and the rate 
of decay ofr is indicative ofthe velocity ofthe rotary motion. 

While the anaerobic sample containing e5m-labeledCF| immobilized on Saphadex matrix was undergo- 
ing ATP hydrolysis, it was excited by repetitive, non-saturating laser flashes, and the polarized-absorption 
transients were recorded and averaged. The time dependence ofthe anisotropy parameter r was obtained 
by averaging 2000 events for three different experimental conditions, as shown in Fig. 34 (C) right. When 
CF, was presumably freely rotating in the aqueous buffer, r is zero at all times [bottom trace in Fig. 34 
(C)J. When CF| immobilized on a Saphadex matrix was in the presence of ATP and Mg^^, i.e., could 
undergo hydrolysis, r decayed slowly and eventually reached a stationary value [middle trace in Fig. 34 
(C)j. The time constant ofthe decay was -100 ms, which is consistent with the rate of -70 ms for catalytic 
turnover in continuous light under the same conditions. These results indicate that ATP hydrolysis by 
chloroplast CF, is accompanied by a rotary motion ofthey-subunit around its long axis inside the center 
ofthe cavity formed by a 3 »P 3 . Further analysis^^ pointed to a unidirectional, three-step motion for the 
rotation ofthey-subunit. On the other hand, when AMP-PNP, anon-hydrolyzable analogue of ATP [see 
upper right box in Fig. 34] was used in place of ATP, the decay of r was completely blocked [top trace in 
Fig. 34 (C)]. 

iV.B.4. Direct Observation ofy^Subunit Rotation by Fiuorescence Microscopy 

Rotation of the y-subunit inside the center cavity ofa 3 *p 3 in F, was observed directly by Noji, Yasuda, 
Yoshida and Kinoshita^^. They attached a fluorescent actin filament to the y-subunit as a “reporter” and 
made video recordings ofthe rotating fluorescent actin filament under ATP -hydrolysis conditions. An 
a 3 »P 3 *y subcomplex derived from the thermophilic bacterium Bacillus was used. To prepare for attach- 
ment of the actin filament, Ser-107 located in the stalk region of the y-subunit was replaced by cysteine and 
Cys-193 on the a-subunit was replaced by serine by site-directed mutagenesis thus we have {Fi(a 3 »P 3 «y)}» 
[a:Cys-193— >Ser /y:Ser-107->Cys]. The cysteine introduced on the y-subunit serves as the site for at- 
taching streptavidin, a biotin-binding protein produced by Streptomyces avidiniv, each streptavidin has 
four binding sites with extremely high affinity for actin. 

The immobilization ofthe F| complex and the fluorescence labeling ofthe y-subunit are illustrated in 
Fig. 35 (A). The a 3 *P 3 *y subcomplex was first immobilized on a microscope glass cover slip as follows. 
Ten histidines were introduced into the N-terminus of each p-subunit ofthe a 3 *P 3 »y subcomplex as “histi- 
dine tags.” The glass plate was coated with horseradish peroxidase conjugated with Ni^*-nitrilotriacetic 
acid (Ni-NTA) which has a high affinity for the histidine tags. The a 3 »P 3 »y subcomplex is thus bound to 
the glass plate through the three P-subunits, with the Fq end, or the membrane side, away from the glass 
plate. Actin filaments labeled with the fluorophore phalloidin-tetramethylrhodamine B isothiocyanate were 
then attached to the y-subunit of the a 3 *P 3 *y subcomplex through streptavidin. The length of the actin 
filament varies from -1 to 3 jam, which is almost two orders of magnitude greater than the diameter ofthe 
a 3 *P 3 subcomplex in F, . 

The glass plate forms a part of a flow chamber through which a reagent solution may be introduced to 
provide the conditions for ATP hydrolysis. Rotation of the actin filaments can be viewed in an epifluorescence 
microscope (excitation at 546 nm and emission at 560-620 nm) and images then recorded with a television 
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camera equipped with a charge-coupled-device (CCD) and an image intensifier. Most of the rotating 
filaments had their attachment points at one end ofthe filament, but some had their attachment points in the 
middle, like a propeller. Out of90 filaments that were observed to rotate, all, without exception, rotated in 
one direction, namely, counterclockwise when viewed from the membrane side, i. e., viewed from the top in 
Figure 35 (A), as shown by the two circulating arrows around the filament. This direction of rotation 
would indicate a p-subunit sequence of in the crystal structure as determined by Abrahams etal.^ 

and equivalent to the order ATP— >ADP->empty in the P-subunit state transition cycle, which in the bind- 
ing change model is the expected sequence during ATP hydrolysis (refer to Fig. 29, left). In the absence of 
ATP, or in the presence of ATP and the inhibitor azide, no rotary motion ofthe filament but only Brownian 
fluctuation was observed. 

From the known maximum rate of ATP hydrolysis (~52 ATP»J”'), ay-subunit without an actin filament 
as a load would have a rotation rate of ~17 revolutions per second (rps). The observed rate of filament 
rotation was at most ~4 rps, with lower rate for longer filaments, suggesting that the y-subunit carrying an 
actin filament rotated against a heavy load produced by hydrodynamic friction on the filament. Most 
observations were made in ~40 s, but some filaments were observed to rotate for more than 10 minutes! 
Under conditions for ATP hydrolysis, typically 100 counterclockwise revolutions were observed for a 
filament. The authors also reported that there were various irregularities in filament rotation, such as non- 
constant speed, momentary reversal, occasional pauses, etc., mostly attributable to Brownian fluctua- 
tions, or even obstructions by nearby proteins. The elegant experiment ofNoji et al. enabling the move- 
ment of a single molecule to be observed have supplemented the biochemical and spectroscopic described 
above and provided direct evidence for y-subunit rotation in the F | - ATP synthase. 

Recently Sambongi et al.^^ carried out similar experiments using intact EcFo*F)-ATP synthase, i.e., 
(a3»P3»y*5»e)/(a«b2*Ci2), instead of the Fpsubcomplex [a 3 *P 3 *y]. They attached an actin filament to 
streptavidin which in turn is attached to the c-subunit oligomer in F(>through a replaced cysteine residue 
at the c:Glu-2 site, by a procedure similar to that of Noji et To avoid binding the actin filament to the 
y-subunit, both its cysteine residues (Cys-87 and -1 12) were replaced by site-directed mutagenesis with 
alanine. The e-subunit contains no cysteine. Filament rotation was similarly observed with an epifluorescence 
microscope and the rotating-filament images recorded and measurements made. 




Fig. 35. Arrangement for observing rotation of the y-subunit in the os-Pj-y subcomplex (A) and that ofthe c-subunit oligomer in EcFq’Fi 
or(a 3 -p 3 *yS* 6 )/(a*b 2 *c, 2 ) (B). See text for details. (A) adapted from Noji, Yasuda, Yoshida and Kinoshita, Jr (1997) Direct observation of 
the rotation ofFrATPase. Nature 386; 300 and (B) from Sambongi, Iko, Tanabe, Omote, Iwamoto-Kihara, Ueda, Yanagida, Wada and 
Futai (1999) Mechanicai rotation of thee subunit oligomer in ATP synthase (FqF^): Direct observation. Science 286: 1722. 
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Upon addition of Mg^ ' and ATP to the sample the tethered actin filament was observed to rotate in the 
same counterclockwise direction previously observed with the y-subunit-tethered actin filament^® when 
viewed from the membrane or Fq side, as shown in Fig. 3 5 (B). The c-subunit-tethered filament can rotate 
up to 2 min after addition of and ATP, vi. as much as 10 min for the the y-subunit-tethered actin 
filament. The rotation ofthe c-subunit-tethered filament can generate an average frictional torque of 40 
piconewton nanometers, comparable to that found with the y-subunit-tethered actin filament in the Fp 
subcomplex. When the tethered filaments ceased to rotate abruptly, they also disappeared from the glass 
surface, possibly due to dissociation ofthe F(> sector from the F | sector. Rotation of the c-subunit-tethered 
filament also requires the presence ofthe detergent Triton X-100, which presumably provides a suitable 
lipid environment that mimics the native state. These elegant experiments of Noji et al.^ and Sambongi et 
al^ indicate that the c-subunit oligomer rotates with the y-subunit during ATPhydrolysisby Fo*F|. It is 
now experimentally confirmed by direct observation that rotation ofthe y- and c-subunit complex is essen- 
tial for the coupling between proton transport in the Fq sector and ATP synthesis or hydrolysis in the F| 
sector. 



IV. C. Current Model of the Fo'Fr ATP Synthase 

With the development ofthe theory ofthe binding-change mechanism and the investigations that have 
provided evidence for the rotary motion ofthe y-subunit, the y*s subcomplex, or even the c-subunit oligo- 
mer ofFo, a new model that is more detailed than that shown earlier in Fig. 6 for the Fo'FpATP synthase 
has evolved. Before we present the current model for the Fo'FpATP synthase, we will briefly review 
information obtained by NMR studies for the structure of the smaller band e subunits of F,, and also some 
structure information obtained by X-ray crystallography in the case ofthe e-subunit. The structure ofthe 
Fo-subunits a, b and c will also be described. 

IV.C. 1. Structure of the small subunits ofF^ and Their Interface In the Fq^F^ complex 

The tertiary structure of the e- and 5-subunit isolated from EcF| have been determined by Capaldi and 
coworkers^*’* using NMR spectroscopy. Fig. 36 (A, B) shows the ribbon diagrams ofthee-subunit and 
the 6-subunit fragment derived from two- and three-dimensional heteronuclear ('^C, '^N)NMR spectros- 
copy. The 8-subunit exhibits a two-domain structure: the 84 residues at the N-terminus form a flattened P- 
barrel, consisting of two predominantly antiparallel P-sheets. The first sheet, consisting of one parallel 
pair of strands, is composed of strands P-2, P- 1 , p-9, p-8 and P-5, while the second, all-antiparallel sheet 
is composed of strands p- 1 0, P-7, p-6, P-3 and P-4. Most ofthe side chains ofthe hydrophobic residues of 
both sheets point toward the interior ofthe barrel. Forty-eight C-terminal residues form two antiparallel 
a-helices in the shape ofa hairpin. In solution, the a-domain ofthe C-terminal hairpin folds back over the 
P-barrel creating an extensive region of contact between them. 

More recently, an X-ray crystallographic determination of the three-dimensional structure of the s- 
subunitof £ coli Fo*F]-ATP synthase has been carried out by Uhlin, Cox and Guss^'**’ at 2.3 A resolution. 
An isolated e-polypeptide comprised ofthe residues 2-136 was examined. Their results, as shown in Fig. 
36 (C), both as a ribbon diagram and as a stereo view ofthe line drawing, also display a two-domain 
structure for the e-subunit, closely resembling that determined in solution by NMR spectroscopy. One face 
of the p-sandwich (P-2, P- 1 , p-9, p-8 and P-5) has a large hydrophobic patch that may serve as a region of 
contact between the e- and y-subunits. 
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The structure ofthe 5-subunitofthe ATP synthase is less known. Wilkens, Dunn, Chandler, Dahlquist 
and Capaldi^^ determined the three-dimensional structureofanN-terminalfragmentofthe EcF| 8-subunit 
hy NMR spectroscopy. This fragment of 134 amino-acid residues, was obtained with the use of bacterial 
protease. It was found that thepurified 8- fragment canreadily rebind with the 8- free EcF| to form a stable 
EcFi-6[l-139] complex, implying that the isolated fragment retained the same conformation as that ofthe 
intact 5-subunit. Initial examination indicated that residues 1-105 were arranged in a compact globular 
structure while residues 106-134 were mostly disordered except for one short a-helix. Fig. 36 (B) shows 




Fig. 36. (A) and (B): Three-dimensional structure of the e- and S-subunits determined by NMR spectroscopy; (C): The ribbon and three- 
dimensional structures of the e-subunit determined by X-ray crystallography. Figure source: (A) Wilkens, Dahlquist, McIntosh, Donaldson 
and Capaldi (1 995) Structural features of the e subunit of the Escherichia coliATP synthase determined by NMR spectroscopy. Nature 
Struct Biol 2: 965; (B) Wilkens, Dunn, Chandler, Dahlquist and Capaldi (1 996) Solution structure ofthe N-terminal domain ofthe 8 
subunit ofthe E. coli ATPsynthase. Nature Struct Biol 4: 199; (C): Uhlin, CoxandGuss (1997) Crystal structure of the t subunit of the 
proton-translocating A TP synthase from Escherichia coli. Structu re 5: 1 22 1 . 
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the ribbon diagram for the 105 N-terminal residues ofthe 5-subunit ofEcFo'F] ATP synthase. Helices 1 
(residues 4-20), 2(24-38), 5(70-81) and 6(88-104) are arranged as two intercalating V-shaped pairs, 
which together form a four-helix bundle. Against this bundled core are the tightly packed helices 3(41-47) 
and 4(53-64). 

As noted earlier, there are two endogenous cysteines in the 5-subunit. It was found that in a mutant 
EcFo*Fi-ATP synthase in which the glutamate at position 2 ofan a-subunit was replaced with cysteine, 
the a: intersubunit disulfide bond had no effect on the ATPase activity, confirming the earlier results of 

Ogilvie et al?^. The absence of any effect by crosslinking suggested that the function ofthe 5-subunit is 
probably to serve as a bridge between F, and Fq. The result would also suggest that both the N- and C- 
terminals of the 5-subunit are close to the N-terminal of ana-subunit. A similar finding was also reported 
earlier by Till, Hensel, Junge and Engelbrecht^^, using mutant chloroplast CF|- ATPase. These authors 
showed that the cross-linked P::5 disulfide bond affected neither ATP hydrolysis by CF| nor its ability to 
re-assemble with CFq to restore ATP-synthesis activity. 

With the structure ofthe E-subunit determined, we may review the various results known thus far with 
regard to its interaction with the y-, a- and P-subunits in F, as well as with the c-subunit inF(>as obtained 
from mutation and cross-linking experiments, and present them in the framework consistent with a model 
structure to be shown later. 




Fig. 37. Interaction of residues of the E-subunit of EcF , -ATPase with the a- and P-subunits of Fo*F , -ATPase known from cross-linking 
studies and modeled by the bovine MF, -ATPase structure. Figure source: Uhlin, Cox and Guss (1 997) Crystal structura ofthe e subunit 
of the proton-translocating ATP synthase from Escherichia coli. Structure 5: 1227. 
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The e-subunit presumably interacts with the y-subunit through the hydrophobic patch containing resi- 
dues Ser-10, His-38 and Thr-43 on one face of the (3-barrel. Skakoon and Dunn'°* have constructed 
appropriate mutants and demonstrated crosslinking between the e- and y-subunits, i.e., [(e:His- 
38— >Cys)::(y:Tyr-205-^Cys)] by disulfide-bond formation (see Fig. 37, bottom). Tang and Capaldi’*^^ 
reported that a cysteine introduced at either His-38 or Thr-43 in the 8-subunit can also cross-link with the 
y;Tyr-205->Cysto form a disulfide bond. These authors also reported the crosslinking of residue Ser-10 in 
the 8-subunit with Tyr-228 in the y-subunit by tetrafluorophenylazide maleimide. 

The close proximity ofthe C-terminal hairpin ofthe 8-subunit to the a- and (3-subunitsof the Fj-ATPase 
has been established by various cross-linking experiments. Dallmann, Flynn and Dunn’°^ initially demon- 
strated crosslinking through ester formation in EcFi[P:Glu-381/8:Ser-108] induced by water-soluble 
carbodiimide (see Fig. 37). As noted above, the disulfide bond in EcF|[(P:Glu-381—>Cys)::(8:Ser- 
108-^Cys)], as well as inEF|[(a;Ser-4] I ->Cys):;(8;Ser-108->’Cys)], totally inhibits the ATPase activity, 
which is fully restored when the disulfide bond is sbroken upon reduction. 

The bottom open side of the (3-barrel (opposite the hairpin in the y-subunit) can interact with the c- 
subunits of Fq. Cysteines were introduced by Zhang and Fillingame’®*^ into the polar loop region surround- 
ing Gln-42 in the c-subunits and at Glu-31 in the 8-subunit. They were able to form disulfide bond in 
membranes of three double mutants: 

[(8:Glu-3I^Cys)::(c:Ala-40->Cys)], 

[(8:GIu- 3 l->Cys)::(c:Gln-42->Cys)], and 
[(8:G1 u- 3 l->Cys)::(c:Pro-43->Cys)], but not in 
[(e:Glu-3 1 ->Cys) / (c: Ala-39->Cys)]. 

These results indicate that Glu-3 1 on the s-subunit is physically close to the polar loop ofthe c-subunit 
in Fq. Aggeler, Weinreich and Capaldi’®^ also found an interaction between Glu-31 ofthe 8-subunitand 
residues 39-43 ofthe c-subunit. In addition. Watts, Tang and Capaldi^^® also reported that when Tyr-205 
on the y-subunit is replaced by cysteine it can also form a disulfide bond with cysteines introduced into 
residues 39, 42 or 43 of the c-subunit. 



IV.C.2. Fo-subunits a, b and c and their spatial arrangement 

The structures of the Fq subunits are generally not as well known as those ofthe F j subunits. However, 
the Fq complexes of E. coli and chloroplasts appear to have the three subunits a, b and c in common. EcFq 
has the subunit composition, a«b 2 *C 9 .i 2 , with a molecular weight of- 148 kDa. In CFq, the subunit compo- 
sition is slightly different, namely, a»(b*b')»C 9 ., 2 , alternatively designated as IV»(I»II)»IIl 9.|2 (refer to Fig. 
3). In mitochondria, F(>is considerably more complex and the stoichiometry ofthe subunits has been more 
difficult to establish. In any event, it has been clearly demonstrated that in ATP synthase in E. coli all three 
subunits are absolutely necessary for the formataion of an active complex in proton translocation as well 
asFi binding. 

Subunit a is the largest ofthe three (molecular mass, 30.3 kDa) and highly hydrophobic. Subunit a of 
EcFq shows a strong amino-acid homology to its counterpart in the Fo»F pATP synthase of other species, 
particularly in the regions near the C-terminus where the residues essential for proton translocation are 
located. Fig. 38 (A) shows how subunit a is folded across the membrane with either five or six transmem- 
brane helices, resulting in exposure ofthe N-terminus to the cytoplasm and the C-terminus to the periplasm 
in proposed five-helix model or with both termini exposed to cytoplasm in proposed 6-helix model. 
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Subunit b with a molecular mass of 17.3 kDa, has a hydrophobic domain in the N -terminal region which 
anchors the protein in the membrane. A hydrophilic domain composed ofpredominantlya-helices contain- 
ing highly charged amino-acid residues protrudes outside the lipid bilayer toward F,, as shown in Fig. 38 
(B). Wilkens, Dunn and Capaldi*®^ examined a complex formed between EcF| and a truncated form ofthe 
EcFq subunit b. By image analysis ofthe hexagonal projection they found that the elongated polar domain 
of the a-helices of the dimer interact with the P-subunit of F| via helix-helix interactions. It may be 
noted that a cavity that is not entirely filled by the P-polypeptide would leave enough room for conforma- 
tional changes ofthe y»8 subunit domain within the native Fo*F| complex. 

Subunit c ofEcFo [or subunit “III” ofchloroplast CFo] consists of 79 amino-acid residues and has a 
molecular mass of 8.3 kDa. Because ofits hydrophobic character it is soluble only in non-polar solvents. 
Girvin and Fillingame*®^ examined the monomeric subunit c of E. coli Fq by NMR spectroscopy and were 
able to make apartial structure determination ofresidues 9-25 and 52-79 in the N- and C-terminal regions, 
respectively. Subunit c appears to span the membrane as a hairpin oftwo hydrophobic helices separated by 
a polar loop of about 18 amino-acid residues exposed to the cytoplasmic side ofthe membrane, as shown 
in Fig. 3 8 (C). NMR spectroscopic measurement shows subunit c to consist oftwo gently curved a-helices 
crossing at a slight angle of -30° [also see Fig. 39 (A)]. 



(A) a subunit (5 helix model) 




a subunit (6 helix model) 





b subunit 






(B) 




c subunit 




(C) 



Cytoplasm 




Periplasm 



Fig. 38. Schematic representation of subunits a (A), b (B) and c (C) from E. coli F© and their orientation in the membrane. Some 
conserved and essential amino acids in subunits a and c are marked. Figure source: Deckers-Hebestreit and Altendorf (1 996) The 
FoF\-fype ATP synthase of bacteria: Structure and function ofthe F© complex. Annu Rev Microbiol 50: 796. 
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As indicated above, the number of subunits c present in Fq has been reported to be 9-12. From consid- 
eration of the model for the proton translocation mechanism, it is believed that either 9 or 12 c subunits 
should be present in each Fq, and that they are presumably arranged either as three trimers or three 
tetramers in a ring. In accord with the ratio of 3 that has been generally accepted at least up until recently 
for the number of protons translocated per ATP synthesized, nine protons have to be translocated during a 
complete catalytic cycle, since each ofthe three (a*P) pairs synthesizes an ATP; thus nine c-subunits are 
needed, one for each translocated. However, based on the recently determined HVATP ratio of 4 for 
chloroplast and cyanobacterial ATP synthase*®^ '^*’, twelve c subunits organized in three tetramers ofc 
subunits would be favored. 

While the F , complex of ATP synthase has been extensively examined by electron microscopy and more 
recently also by X-ray crystallography, earlier electron-microscopic examination of Fq complex was per- 
formed as described in Section II. B. 1., with only enough resolution to permit estimation ofthe diameter of 
Fq. In the analysis of Boekema, Fromme and Graber^^, the overall diameter of Fq was assigned solely to 
the ring of c-subunits with no contribution of either subunit a or b to the measured overall Fo diameter. 
This interpretation would lead to a model in which the a«b2 [a»b*b', or IV(I»II), in CFq] subcomplex must 
be located inside the ring of c-subunits, as shown earlier in Fig. 6. 

An understanding ofthe function of Fq would be helped immensely by three-dimensional structure data, 
but this is not available yet. However, recent structural studies by electron microscopy and NMR spectros- 
copy are filling some ofthe gap. Birkenhager, Hoppert, Decker-Hebestreit, Mayer and Altendorf'" exam- 
ined cholate-solubilized EcF() complexes by electron-microscopic imaging. The authors obtained projec- 
tions that are consistent with an Fq model in which a*b 2 is not located inside but outside the ring of c- 
subunits, in agreement with the models previously proposed by Hoppe and Sebald* and by Schneider and 
Altendorf’*^. Such a model is also supported by several lines ofbiochemical evidence, including the find- 
ing that all three subunits are known to be exposed to the hydrophobic core of the membrane, and the 
observation that subunit b can readily be extracted from Fq, leaving a stable a»c complex. 

In the meantime, Bottcher, Liicken and Graber^^ examined the structure of CFo*F | by cryoelectron 
microscopy (see Fig. 7). They found that the CF i dimensions were nearly the same as those of MF | 
determined by X-ray crystallography. However, theCFo moiety showed a width of 11.5 nm compared 
with 6.2 nm in a negatively-stained sample ofisolatedIlIi 2 (orCi 2 ), suggesting that the IV-(ITI) subcomplex 
(or a*b»b') is located offto one side ofthe ring ofc-subunits. 

Groth and Walker^’"^ recently used the structure ofthe monomeric c subunit ofE. coli determined by 
NMR spectroscopy as reported by Girvin and Fillingame’®^ [Fig. 39 (A)] to construct a model based on 12 
c-subunits per complex as established earlier by Fromme et al}‘^ (see Section II.B.). Among possible 
arrangements that would place the 12 c-subunits in equivalent positions in a circle is one in which the C- 
terminal a-helices form an inner ring and the N-terminal a-hel ices form a peripheral ring, as shown by the 
peptide backbone model for the dodecameric complex of c-subunits in Fig. 39 (B), where the model is 
viewed perpendicular to the membrane plane from the F] side. As constructed, the inner diameter ofthe 
ring is 3.26 nm at the bottom and 2.79 nm at the top. As this arrrangement provides tight packing of 
adjacent a-helices, the main interaction between the adjacent protomers is via the C-terminal a-helices, 
where there is strong hydrophobic attraction. The interaction involves a hydrophobic cluster of apolar 
amino-acid residues, Gln-52/Phe-53, Met-65/Ile-66, Leu-70, Val-74 and Ala-77 in the C-terminal region 
of one c-subunit and and a similar cluster, namely, Gly-58/Leu-59, Pro-64, Val-68, Leu-72 and Met-75 in 
the C-terminal region of the adjacent c-subunit. The peripheral N-terminal a-helices do not appear to be 
close enough to each other to interact but may be in contact with adjacentC-terminal a-helices to provide 
additional stability to the complex. Hydrophilic clusters of residues on the backbone are exposed to the 
interior of the dodecameric complex. The validity of the proposed model was substantiated by amino-acid 
substitution analysis and chemical, biochemical and genetic data on subunit 
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Fig. 39. (A) The ribbon diagram of subunit c and (B) peptide backbone model of a dodecameric ring of c-subunits of E. coli Fq viewd 
toward the membrane from the F) side. The C-terminal a-helices are arranged in the inner ring and the N-terminal a-helices in the 
peripheral ring. Residue Asp-61 located in the middle of the C-tenninal sequence is indicated by a dot. Figure source; (A) Fillingame, 
Girvin and Zhang (1 995) Correlations of structure and function in subunit c of Escherichia coli FqF^ ATP synthase. Biochem Soc Trans 
23; 763; (B) Groth and Walker (1 997) Model of the c-subunit oligomer in the membrane domain ofF-A TPases. FEBS Lett 41 0: 1 18. 



IV.C.3. A Model for the Fo^FrATP Synthase; Proton Translocation and its Coupling to ATP 
Synthesis 

Considering the results recently obtained from studies of F ] using a variety of techniques, including 
electron microscopy, X-ray crystallography, NMR and extensive biochemical and genetic manipulations, 
an updated and detailed model for Fo’Fi- ATP synthase can now be constructed. Two essentially identical 
models, one proposed by Roderick Capaldi and the other by Wolfgang Junge and their coworkers, are 
shown in Fig. 40. The Capaldi model in Fig. 40 (A) is accompanied by a summary of the results of 
crosslinking various Fq and F] subunits, clearly identifying which crosslinks result in blocking enzyme 
activity and which do not. The Junge model in Fig. 40 (B) elaborates on the nature ofthe rotating “wheel” 
composed ofthe c-subunits in the Fq domain. 

Of course, our understanding ofthe the structure ofthe major portion ofF, has in the main been derived 
from studies using the results obtained by X-ray crystallography, which suggest that the top P-barrels in 
the region of the a- and P-subunits furthest from the membrane form a “bearing” that holds the rotating 
■/♦e*C9.i2 subunit “axle.” Although the structure ofa large portion (-138 residues) ofthe y-subun it has not 
been resolved, it probably provides, in addition to its other function(s), a contact domain for the e-subunit. 
The fact that y::E cross links do not block enzyme activity indicates that y»e is an important, integral 
domain ofthe rotating axle. 

The ring model for the c-subunits that was proposed earlier by Boekema, Fromme and Graber (1988)^^ 
[Fig. 6], was recently been substantitated by Birkenhagereto/. (1995)*** using electron-microscopic im- 
aging and by Singh, Turina, Bustamante, Keller and Capaldi (1996)**^ using “scanning force microscopy” 
(SFM) imaging, both studies done with EcFq. It has been further validated more recently by Groth and 
Walker (1997)**"* [see Fig 39] who presented a model ofa c-subunit structure obtained by NMR spectros- 
copy. In the Junge model [Fig. 40 (B)], the c-subunits are arranged in a ring immediately below the ye 
subunit domain. The extensive crosslinking that that are formed between the bottom face ofthe e-subunit 
P-sandwich and the top loops ofthe c-subunits, as demonstrated by Watts and Capaldi**®, would suggest 
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ATPase activity not blocked 
by crosslinkinq : 

©a:: 8:Cys-140 
© a a 
© 8 (internal) 

© a :: 8:Cys-64 
© Y^Cys-IO :: e 
® Y:Cys-205 :: e 

Activity blocked : 

© a:Cys-41 1 :: Y:Cys-87 
© a:Cys-41 1 :: e:Cys-108 
® y:Cys-286 :: a 

p;Cys-381 ::Y:Cys-87 (not shown) 
p:Cys-381 :: e:Cys-208 (not shown) 




Fi 


Structural sectors 




Fi 


Fo 




a3p3Y-6e 


a-b2'Cg.i2 
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Rotary engine parts 




Rotor 


Stator 
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Y‘£'C9(12) 


a3-p3-5a-b2 
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Fig. 40. Two similar models for ATP synthase. (A) The Capaldi model shows cross-links between various Foand F, subunits which 
result in blocking or not blocking enzymatic activity; the open bow-ties are used to represent cross-links that do not affect the ATP 
synthase activity and the black bow-ties those that do. (B) The Junge model places emphasis on the structural sectors of the "motor” and 
the engine parts, the rotor and stator. See text for discussion. (A) Adapted from Ogilvie, Aggeler and Capaldi (1 997) Cross-linking of the 
6 subunit to one of the three a subunits has no effect on functioning as expected ifS is a part of the stator that iinks the Ft and Fq parts 
of the Escherichia coliA TP synthase. J Biol Chem 272: 16665; (B) Adapted from Junge, Lill and Engelbrecht (1997) A TP synthase: an 
electrochemical transducer with rotatory mechanics. Trends in Biochem Sci 22; 420. Also cf. model of Peter Graber in color in Color 
Plate 17. 
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that the 8-subunit serves as a “spoke” bracing the y-axle hub against the rim of the c-subunit wheel. Thus 
Y» 8 *C ]2 subcomplex forms a rotating wheel with an axle that fits inside the (motor) housing formed by the 
remaining subunits. 

The 5-subunit has long been known to be well inside the CF | complex, as it is not readily accessible to 
proteolytic or immunological treatments. Nelson and Karny"^ originally proposed that the 8-subunit acts 
as a structural link between CFq andCF). Recent cross-linking data of Till et al.^ and Ogilvie et al?^ on 
the crosslinkeda ::8 complex have shown that the 5-subunit is largely on the outside and attached to the 
upper part ofthe N-terminal portion ofF,. Significantly, cross-linkingofthe 5-subunit with a 3 *p 3 does not 
inhibit the activity ofF]. Beckers, Berzborn and Strotmann^^^ studied a cross-linked product induced by 
treatment of chloroplastATPase with 1 -ethyl-3-(dimethylaminopropyl) carbodiimide (EDC) and found an 
involvement of the 5-subunit with the b-subunit. The authors reported the crosslink was formed between 
Glu-181 or Asp-184 at the C-terminal end ofsubunit “I” and abasic residue in the N-terminal segment of 
the 8-subunit. As a corollary, Kaim and Dimroth^*^ found that in the assembly ofa chimeric enzyme from 
P. modestum and E. coli the 8 - and b-subunits must be from the same source. 

As the ATP synthase models in Fig. 40 show, the elongated b 2 -dimer appears to be clamped at the upper 
end to the (a 3 *P 3 ) head through the 5-subunit and linked to the a-subunit at the lower end. Thus the 
a 3 »P 3 « 5 *b 2 «a complex resembles a “stator” which is defined as “fixed part forming the housing for a 
revolving part” in a motor. The entire ATP synthase indeed functions as a nano rotary engine or motor, or 
even a nano stepping motor, as the y-subunit axle makes three 120°, rotational steps per cycle. In this 
motor structure, the narrow stalk that is seen in electron microscope images requires the presence of two 
separate stalks between the two sectors ofthe holoenzyme, one being the y»E rotor and the other the 5*b2 
stator (Fig. 40). 

The subunit domain a»b 2 *C |2 in F(>is considered to be the site for proton translocation, but the details of 
the mechanism remain to be explored. It is generally agreed, however, that the a- and c-subunits mediate 
proton translocation, while the b-subunit only acts as a structural element to link Fj (a 3 *p 3 ) with Fo(the a- 
subunit). It is also known from the study of Schneider and Altendorf^ that all three subunits, a, b and c, 
are required for an active proton channel reconstituted in E. coli ATP synthase. In their experiment, these 
authors first dissociated, separated and purified the individual subunits and then integrated the subunits in 
all possible combinations into phospholipid vesicles. Fach assembly was then tested for proton-transloca- 
tion activity as well as its ability to bind to F|, and it was found that functional activity could only be 
achieved by the combination a»b 2 *C|o, the same combination that exists in native Fq. 

It is known that proton translocation through Fq as well as ATPase activity ofthe coupled Fq'F] com- 
plex are specifically blocked by the reaction ofDCCD with Asp-61 located in the middle ofthe C-terminal 
a-helix ofthe £. coli c-subunit [see Fig. 39 (A)]. In fact, Hermolin and Fillingame*^** found that a reaction 
ofDCCD with only one ofthe ~10 c-subunits in Fq is sufficientto abolish both types of activity. Miller, 
Oldenburg andFillingame*^' further found that a mutation which moved the carboxyl group from position 
61 to position 58, 60, or 62 and substituted Asp at position 61 by Clu also resulted in the abolition of 
enzymatic activity. Interestingly, in the double mutant A.sp-6I->Cly / Ala-24->Asp, also called a “second- 
site revertant,” the activity is restored. As NMR analysis ofthe structure ofsubunit c places Ala- 24 on the 
N-terminal a-helix and in van der Waals contact with Asp-61, these authors concluded that the carboxyl 
group must be precisely positioned for optimal functioning ofthe enzyme. This finding appears to suggest 
that one subunit c provides a trans-membrane scaffold with an essential carboxyl group attached and that 
the protonation/deprotonation cycle is coupled to a conformational change at the site of ATP synthesis in 
F] when the carboxyl group is at either one ofthe two equivalent positions on the two a-helices. 

A large number ofresidues in the C-terminal region ofthe a-subunit have been studied for their possible 
role in proton translocation. The conserved Arg-210, located in the second from the C-terminus ofthe 
a-subunit (see Fig. 3 8 ), appears to be absolutely essential for proton-translocation activity, since it could 
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not be replaced by Lys, Gin, lie, V al or Glu without complete loss of ATP-driven proton translocation. 
However, the a-subunit double mutant: Arg-2 1 0->Lys/Gln-252->Arg retains some ATP-synthesis activ- 
ity, but not ATP-driven proton transport. This suggests that Arg-210 is close to Gin-252 in a different, but 
nearby helix. Other a-subunit residues, Glu-219 and His-245, may also be essential for proton transloca- 



tion, but this point remains controversial. 

H" 




Fig. 41. Model for proton translocation and generation of torque in 
Fq. a ring of 1 2 c-subunits is in contact with the large a-subunit. The 
a-subunit carries two access channels for protons on the two sides 
of the membrane. Figure source: Junge, Lilland Engelbrecht(1997) 
A TP synthase: an electrochemical transducer with rotatory mechan- 
ics. Trends in Biochem Sci 22; 422. 



In the absence of conclusive data, but with the mass of data accumulated to date on the Fq and F i 
complexes, we now close this chapter with a brief discussion of coupled proton translocation and ATP 
synthesis in the Fo*F pATP synthase. The a»c subunit domain in Fq and its function in proton translocation 
and generation oftorque has been proposed by Junge and coworkers^^ and illustrated by the model in Fig. 
41, which shows a ring of 12 c-subunits in contact with the large transmembrane a-subunit. The a-subunit 
carries two access channels for protons, one on each side of the membrane. These two proton pathways 
allow protons to move from the periplasm in the middle of the membrane and the other allows protons to 
move from the middle of the membrane to the cytoplasm. The two channels provide for sequential loading 
ofprotons onto Asp-61 in the c-subunit oligomer. Assuming 12 c-subunits are presentinFoand that four 
protons are transported per ATP synthesized, the c-subunits may be organized into three sets of four 
subunits each (For simplicity only two c-subunits are shown in Fig. 41). Protons are transported in groups 
of four as the three 4-c units rotate by 120°, rather than sequentially from c-subunit to c-subunit. A 
simultaneous release of four protons would induce a concerted conformational change and the generation 
of a torque. 

In the model shown in Fig. 40 (B), Junge suggested that the 62 dimer, one end ofwhich is anchored to 
the 5-subunit and the other end to the a-subunit, could serve as an elastic element for transiently storing the 
free energy generated from translocation of four protons before transmiting it to the catalytic site for the 
release of bound ATP. Junge et al.^^ called this incredible Fo'FpATP synthase a “three-stage nano-trans- 
ducer,” sequentially performing electrochemical, mechanical and chemical functions during ATP synthe- 
sis, i.e., proton (or ion) flow, intersubunit rotation, and release of spontaneously formed ATP from a 
binding site. 
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Appendix: How to View the Stereograms 

There are more than twenty stereograms of crystal structure of macromolecules or molecular assem- 
blies in this book*. These stereopictures not only contain important three-dimensional, structural infor- 
mation, they are also joy to view. It is also quite easy to view these stereograms with unaided naked eyes. 
For those who may not be familiar with the viewing method, I believe just a few minutes of practice, by 
following the steps below, the reader should be able to acquire and retain the ability to view them. A 
number of articles have appeared in the literature that provide instructions on how to view the stereo- 
grams with naked eyes. I have adapted the recent TIBS article by McKeon and Gaffield**, adding a little 
of my own preference, as an exercise. 



Preliminary exercise: Point the left and right index fin- 
gers toward each other, leaving a gap of~l cm [see Fig. 1 

(a) ]. It is best to face a plain background, such as a white ^ 

wall. The fingers are held at the eye level, about 25-30 cm 5 

from the eyes, with the eyes focused at and beyond the point il 
between the finger tips. The fingers appear to fuse, forming 
a short “sausage” floating between the finger tips [see Fig. 1 

(b) ]. 

Viewins exercise. Figure 2 shows the stereogram of the crystal structure of a toxaphene component, 
2,2,5-endo,6-exo,8,9,10-heptachloroborane. I would suggest to place this book flat on a desk. The reader 
may bend forward to view the picture at a comfortable distance. This arrangement would keep the 
picture stationary, better than by raising the book for viewing. Again, by focusing on the gap between the 
two figures, the left figure appears to move toward the right and fuse with the right figure, and a fascinat- 
ing, stereopicture appears, in a matter of seconds. In this case, the whole, three-dimensional molecule 
appears to jump out of the page toward the viewer, and the C(CH 2 C 1)2 bridge appears particularly promi- 
nent. The individual C- and Cl-atoms, because of the way they are drawn, are particularly intriguing. 



(a) 1 






(b) 1 




] 




* Stereograms can be found on the following pages: 61, 87, 156, 222, 235, 258, 259, 422, 454, 456, 463, 494, 607, 608, 621, 
629 and 630, as well as Color Plate-7. 

** TA McKeon and W Gaffield (1990) Viewing stereopictures in three dimensions with naked eyes. Trends Biochem Sci 15: 
412-413. 
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Abbreviations 



A 

Amino acids: 

Ala /A - alanine 
Arg / R - arginine 
Asp / D - aspartic acid 
Asn / N - asparagine 
Cys / C -cysteine 
Gin / Q - glutamine 
Glu / E - glutamic acid 
Gly / G - glycine 
His / H -histidine 
He /I - isoleucine 
Leu / L - leucine 
Lys / K - lysine 
Met / M - methionine 
Phe / F - phenylalanine 
Pro / P - proline 
Ser / S - serine 
Thr / T - threonine 
Trp / W - tryptophan 
Tyr / Y - tyrosine 
Val / V - valine 

a - misses see oxygen evolution 

[aPJo, [apj^ , [aP]^ - aP subcomplex ofCF, with 
open, loose or tight affinity 
for ADP and P. 

I 

gjAPc . Q: subunit of APC (allophycocyanin) 

1 'A (2'A , 1 'B , etc.) - electronic-state notations for 

g V g? u’ ' 

polyenes 

A- Angstrom unit, 10“'® meter 

Aji - the primary (first) electron acceptor of the PS-1 
reaction center 

A, - the second electron acceptor of the PS-I reaction 
center; see A^ 

- (hyperfine) interaction constant 

Aj^ - absorption of left-handed circularly polarized 
light 

A^ - absorption of right-handed circularly polarized 
light 

AA - amino acids 

AGP - accessory chlorophyll proteins 



ADMR - absorption-detected magnetic resonance 
ADP - adenosine diphosphate 
ADRY (agent) - acceleration of the deactivation 
reaction of the water splitting enzyme Y (agent) 
AMD - adenosine monophosphate 
AMP-PNP- adenyl-P.y-imidodiphosphate 
ANT2a - 2-(4-chloro-anilino)-3,5-dinitrothiophene 
ANT2p - 2-(3-chloro-4-trifluoromethyl-anilino)- 
3 ,5 -dinitrothiophene 
A. nidulans - Anacystis nidulans 
AP-B - allophycocyanin-B 
APC - allophycocyanin 
Asc - ascorbate 
ATP - adenosine triphosphate 
ATPase - adenosine triphosphatase 

B 

- P subunit of APC (allophycocyanin) 

P-OG - octyl-P-glucopyranoside 
B - stands for bulk in, e.g., B850 to designate a light- 
harvesting BChl-protein complex 
B - monomeric bacteriochlorophyll 
bj- cytochrome bj 
- A-side BChl monomer 
Bg - B-side BChl monomer 
Bj^ - L-side BChl monomer; same as B^ 

B„ - M-side BChl monomer: same as B„ 

M D 

P - double hits see oxygen evolution 
BBY - a PS 11-enriched thylakoid membrane 

named after Berthold, Babcock and Yocum 
BChl - bacteriochlorophyll 
[BChlJj. - bacteriochlorophyll special pair 
bipy - 2,2'-bipyridine 
Bpheo - bacteriopheophytin, same as BO 
BO - bacteriopheophytin 
BO^- A-side bacteriopheophytin 
BOg- B-side bacteriopheophytin 
BO^- L-side bacteriopheophytin; same as BO^ 

BOj^ - M-side bacteriopheophytin; same as BOg 
BR - bacteriorhodopsin 
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c 

X - magnetic susceptibility 
c - for chloroplast gene; see “n” 

C (or c) - alternative abbreviation for Cyt 

C-subunit - cytochrome subunit 

CA- Chi - core-antenna chlorophyll 

CAB - chlorophyll a/b-binding protein 

Car - carotenoid 

Cb. - Chlorobium 

CC - core complex 

CChl - Chlorobium chlorophyll 

CCI - core complex of photosystem I 

CCCP - carbonyl cyanide m-chlorophenylhydrazone 

CCD - charge coupled device 

CD - circular dichroism 

Cf. aurantiacus - Chloroflexus aurantiacus 

CF - coupling factor 

CF| / CFq - major subunit assemblies of chloroplast 
ATPase 

Chi - chlorophyll 
Chi a' - epimer of Chi a 
Chi a, - alternative designation for P700 
Chi Ofii - alternative designation for P680 
CM - core membrane 
Cm. - Chromatium 
Cp. - Chloropseudomonas 
CP -chlorophyll protein 
C-PC - C-phycocyanin 
CPI - chlorophyll protein of photosystem I 
CP43 / CP47 - 43- / 47-kDa chlorophyll n-binding 
core-antenna proteins of PS -II 
C-P430 - P430 of Chlorobium origin 
Cyt - cytochrome 
Cyt b559 - cytochrome b559 

[Cyt b559 (LP or HP) refers to the low-potential or 
high-potential form of cytochrome 7>559] 

Cyt b j- cytochrome bj 
Cyt/- cytochrome/ 



D 

-electrochemical potential 
ApH - difference in pH across the membrane 
AT - membrane potential difference 
AA - absorbance difference 
ACD - difference in circular dichroism 
ACr” - standard free energy 
Ae - differential extinction corefficient 



AH - EPR signal linewidth 
AT/T - relative change in transmission 
D - electron donor, or secondary electron donor 
D - alternative designation for the primary electron 
donor; c/“P” 

D - stands for diffuse; refers to the diffuse bands 
D1 and D2 on the SDS-PAGE gel 
Dl- the 32-kDa polypeptide subunit of Photosystem II 
encoded by the chloroplastp^M gene 
D2- the 34-kDa polypeptide subunit of Photosystem II 
encoded by the chloroplastp^foD gene 
Da - daltons 

DABS - diazonium benzene sulfonate 
DAD - diaminodurene 

(C^.Cj.Cj.Cj-tetramethyl-p-phenylenediamine) 

DADS - decay associated difference spectmm 
DBMIB - 2,5-dibromo-3-methyl-6-isopropylbenzo- 
quinone 

DCBQ - dichloro-p-benzoquinone 

DCCD - N,N'-dicyclohexylcarbdiimide 

DCIP - 2,6-dichlorophenol-indophenol 

DCMU - 3-(3 ,4-dichlorophenyl)- 1 , 1 -dimethylurea 

DEAE - diethylaminoethyl (cellulose) 

DELSEED - an amino-acid segment 

DGDG - digalactosyldiacylglycerol 

DMBQ-2,6-dimethyl-p-benzoquinone 

DMSO - dimethyl sulfoxide 

DMF-dimethylformamide 

DNP - dinitrophenol 

DPC - diphenyl carbazide 

DPQ - decylplastoquinone 

DTNB - 5,5'-dithiobis-(2-nitrobenzoate) 

DTT - dithiothreitol 



E 

- molar absorption coefficient 
e” - electron 

[e'j -reducing environment 

- polarographic halfwave potential 
e5m - eosin-5-maleimide 

- potential relative to the hydrogen electrode 
EcF| - coupling factor 1 from Escherichia coli 
EcFq - coupling factor o from Escherichia coli 
EDC - l-ethyl-3-[3-(dimethylamino)-propyl] 

carbodiimide 

EDTA - ethylenediamine-tetraacetic acid 
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EFj - exoplasmic fracture face of stacked membrane 
EFy - exoplasmic fracture face of unstacked mem- 
brane 

- midpoint potential 
EM - electron microscopy 

ENDOR - electron nuclear double resonance 
EPR - electron paramagnetc resonance 
erg - energy unit, equals 10'’ Joule 
ESE - electron spin echo 

ESEEM - electron spin echo envelope modulation 
ESP-EPR - electron spin polarized EPR 
Et - ethyl 
eV - electron volt 

EXAES - extended X-ray absorption fine structure 

F 

- Earaday constant 
O - pheophytin 

- quantum yield of donor emission 
0^- quantum yield of fluorescence 
3>Q - phylloquinone 

E - level of fluorescence 

Fq - coupling factor o of ATP synthase 

Fg - fluorescence of open reaction centers; 

or initial fluorescence level 
F680 - a fluorescent species emitting at 680 nm 
F| - coupling factor 1 of ATP synthase 
F,, Fj - nonspecific designation for EeS-A and EeS-B 
F^, Fg - alternative designations for EeS-A and EeS-B 
Fj - steady-state fluorescence level 
F - maximum fluorescence level 

max 

(of closed reaction centers) 

FAD - flavin adenine dinucleotide 
FCCP - carbonyl cyanide /?-trifluoromethoxyphenyl- 
hydrazone 

FCPA - fucoxanthin-chlorophyll protein assembly 
FCPC - fucoxanthin chlorophyll ale protein complex 
Ed - ferredoxin 
FeCy - ferricyanide 
Fe*Q - iron-quinone complex 
FeS - iron-sulfur (cluster) see ISP 
FeS-A / FeS-B - iron-sulfur centers A / B 
FeS-X - iron-sulfur center X 
FIAC - field-induced absorption change 
fMet (or fM) - formylmethionine 
FMN - flavin mononucleotide 
FMO (BChl-n) protein - Fenna-Mathews-Olson 
protein 



FNR- ferredoxin-NADP^-reductase 

Fp - flavoprotein 

FRS - ferredoxin reducing substance 
fs - femtosecond, lO''* second 

G 

Y'*'' - y-subunit of PE (phycoerythrin) 
g - g-value of an EPR signal 
G - Gauss 
gmed - gramicidin 

H 

H- subunit - heavy (molecular- weight) subunit 
H - alternative designation for B<t>^ 

HVATP - protons translocated per ATP synthesized 
by the electron-transport chain 
HVe' - protons translocated per electron transferred by 
the electron-transport chain 
HjA - a general designation for a reduced compound, 
e.g., HjO, HjS, etc. 

Hb. - Heliobacterium 

He. - Heliobacillus 

hfs - hyperfine (line) splitting 

HiPIP - High-potential iron protein 

HP - high-potential 

HP - (subscript) horizontally polarized 
HP700 - a PS-I complex with high P700 content 
HPLC - high-performance liquid chromatography 
hv- photon 



I 

i - inner (or bound) see “o” 

I - (transient) intermediate electron acceptor 
ISP - iron-sulfur protein, see FeS 
ICM - Intracytoplasmic membrane 

K 

K - degree Kelvin 

-rate constant for electron-transfer from 
rate constant for electron-transfer from 

Ao(2) 

Qa-^Qb" 

^(p-Ob) - rate constant for charge recombination 
between ?*■ and Q^’' 
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kDa - kilodalton MQ - menaquinone (vitamin K^) 

kcal - kilocalorie MV -methyl viologen 

MW - molecular weight 



L 

X* - wavelength of absorption 

- wavelength of fluorescence 
L - light (weight) 

L - linker polypeptide [in PBS (phycobilisome)] 

Lj, - core linker polypeptide 

- core-to-(thylakoid) membrane linker polypeptide 

- rod linker polypeptide 

- rod-to-core linker polypeptide 
LB - Langmuir-Blodgett 

(technique for preparing multiple monolayers) 
L-subunit - light (molecular-weight) subunit 
LD - linear dichroism 
LDAO - lauryl dimethylamine-N-oxide 
LDS - lithium dodecyl sulfate 
LHC - light-harvesting complex 
LHCP - light-harvesting chlorophyll protein 
LHl (orLHI) - the core (or inner, or proximal) 

light-harvesting complex of photo- 
synthetic bacteria (B875, B890, etc.) 
LH2 (or LHII) -the peripheral (or distal) light- 
harvesting complex of photosynthetic 
bacteria (B800-850) 

LHC I - light-harvesting complex of photosystem I 
LHC II - light-harvesting complex of photosystem II 
LHCP - light-harvesting chlorophyll-protein 
LM-complex - complex consisting of the L- and 
M-subunit 

LP (or LPP) - linker polypeptide 
LP - low-potential 



M 

pE - microeinstein (one micromole of photons) 

pm - micrometer (or p, micron) 

pM - micromolar 

ms - millisecond, or 1 0"’ second 

mV - millivolt 

Ijs - microsecond, or 10''’ second 
pV- microvolt 

M-subunit - medium (molecular-weight) subunit 
MES - 2-(N-morpholino)-ethanesulfonic acid 
MF| / MFq - mitochondrial coupling factor l/o 
MGDG - monogalactosyldiacylglycerol 



N 

n - for nuclear gene; see- “c” 

n(-side) - negative side of a membrane (also n-phase) 
N - normal (for concentration) 

NAD* - nicotinamide adenine dinucleotide 
(the oxidized form) 

NADH -nicotinamide adenine dinucleotide 
(the reduced form) 

NADP' - nicotinamide adenine dicucleotide phosphate 
(the oxidized form) 

NADPH - nicotinamide adenine dicucleotide 
phosphate (the reduced form) 

NEM - N-methylmaleimide 
NHE - normal hydrogen electrode 
NMR - nuclear magnetic resonance 
ns - nanosecond, 10"’ second 



o 

o - outer (or mobile) see “i” 

'Oj - singlet oxygen 

’0^ - triplet oxygen 

OEC - oxygen-evolving complex 

OP - ort/jo-phenanthroline 

ox - oxidized 

P 

P - pigment 

P - the primary electron donor 
P - phosphate group (as in LHC II-P) 

P* - excited singlet state of P (the primary donor) 

P* - cation of P 

p(-side) - positive side of a membrane (also p-phase) 
2'-P-AMP - 2'-phospho-5'-AMP 
(state) - the [P*'B"]; (E for early) 

P*" (state) - the] [P*-L] or[P*-B<l> ] state; 

(E for fast) 

P*^ (state) - the [^P’d] state; (R for radical-pair triplet) 
- reaction-center chlorophyll triplet; e.g., ^ P700 
Pile - the ratio of ATP formed per two electrons 
transferred 




Abbreviations 



745 



P430 - a secondary electron acceptor of photosystem I 
P680 - primary electron donor (chlorophyll special 
pair) of photoystem II; see Chi a„ 

P700 - primary electron donor (chlorophyll special 
pair) of photoystem I; see Chi a, 

P798 (or P800) - primary electron donor of 
Heliobacteria 

P840 - primary electron donor of green-sulfur bacteria 
P870 - primary electron donor of Rb. sphaeroides 
P960 - primary electron donor of Rp. viridis 
PAGE - polyacrylamide gel electrophoresis 
PARAP - polarized absorption relaxation after 
photobleaching 
PB - phycobilin 
PBP - phycobiliprotein 
PBS - phycobilisome 
PBV -phycobili violin 
PC - plastocyanin 
PC - phycocyanin 
PC - phosphatidylcholine 
Pc. - Prosthecochloris 
PCB - phycocyanobilin (chromophore) 

PCP - peridinin-chlorophyll n-protein 
PDG - phosphatidyl diglyceride 
PE - phosphatidyl ethanolamine 
PE - phycoerythrin 

PEB - phycoerythrobilin (chromophore) 

PEC - phycoerythrocyanin 
PEG - polyethylene glycol 

PEWY - an amino-acid segment (Pro-Glu-Trp-Tyr) 

PFj - protoplasmic fracture face of stacked membrane 
PFy - protoplasmic fracture face of unstacked 
membrane 

PG - phosphatidylglycerol 

pi - isoelectric point 

PE - phospholipid 

PM-8 - a mutant of Rb. sphaeroides 

(photosynthetically incompetent) 

PMS - A-methylphenazonim methosulfate 
PP - polypeptide 

PP - photosystem pigment (of green sulfur bacteria) 
PPBQ - paraphenyl benzoquinione 
PQ - plastoquinone 

P. aestuarii - Prosthecochloris aestuarii 
ps - picosecond, or 10"‘^ second 
PsaA-N - the polypeptide subunits of photosystem I 
(see Chapter 1, Table 1 to 6) 
psaA-N - genes encoding the PsaA-N polypeptide 
subunits of photosystem I (see Chapter 1, 
Table 1 to 6) 



PS - photosystem (also for photosynthetic) 

PS I, II - photosystem I, II 

PSU - photosynthetic unit 

ptj - -log of time in seconds 

PUB - phycourobilin (chromophore) 

PXB - cryptoviolin chromophore (of PEC) 

PYC - pyocyanine 

Q 

Q - quinone 

Q„ - 2,3-dimethoxy-5-methyl-l,4-benzoquinone 

- primary quinone acceptor 
Qg - secondary quinone acceptor 
Q‘Fe - quinone-iron complex 
QHj - dihydroquinone or quinol 

- oxidizing quinone binding site; also called Q 
Q_ - reducing quinone binding site; also called 
Q,) Qy ■ electronic transition moments 

R 

R-26 - a carotenoidless mutant of Rb. sphaeroides 

Rb. - Rhodobacter 

RC - reaction center 

RCPP - reaction-center pigment protein 

(a protein complex of green sulfur bacteria) 
red - reduced 

R-ISP -Rieske iron-sulfur protein 
Rp. - Rhodopseudomonas 
R-PC - R-phycocyanin 
Rs. - Rhodospirillum 

s 

5 - second 

S - singlet state (S,, Sj, etc.) 

S,0 “ - dithionite 

S-S - singlet-singlet (energy transfer) 

SDS - sodium dodecyl sulfate 
SDS-PAGE - sodium dodecyl sulfate polyacrylamide 
gel electrophoresis 
SiMo - silicomolybdate 
SI - signal I; EPR signal of photosystem I 
SII - signal II; EPR signal of photosystem II 
SII^ - fast-decaying PS-II EPR signal 
SII^ - slow-decaying PS-II EPR signal 
SII ,- very fast-decaying PS-II EPR signal 
SL - sulfolipid 
S/N - signal-to-noise ratio 
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(n=0,l,2,3,4) - the redox state of the oxygen- 
evolving complex (n corresponds to the number 
of stored oxidizing equivalents) 

SQDG - sulfoquinovosyldiacylglycerol 
ss - steady state 
ST - safranine-T 

STM - scanning tunneling microscopy 
STS - scanning tunneling spectroscopy 

T 

T - time 
T - triplet state 
Tb. - Thiobacillus 

T-T - triplet-triplet (energy transfer) 
r^- half-decay time 
t. - dark interval 

<3 

fjj - delay time 

TERB - terbutryn (2-thiomethyl-4-ethylamino-6-t- 
butylamino-j-triazine) 

TLC - thin-layer chromatography 
TMPD - A^,(V,A^',(V'-tetramethyl-/?-phenylenediamine 
TNBS - 2,4,6-trinitrobenzene sulfonate 
Triton X-100 - octylphenoxypolyethoxy ethanol 
Tris - tris(hydroxymethyl)aminomethane 
TSFl - Triton-fractionated subchloroplast fragment of 
photosystem I (1) 

TSF2 - Triton-fractionated subchloroplast fragment of 
photosystem II (2) 

TSF2a - Triton-fractionated subchloroplast fragment 
of photosystem II (2), with a high Chl-a 
content 

TyrD - tyrosine-160 of the PS-II D2 subunit (or Yj^) 
TyrZ - tyrosine- I6I of the PS-II DI subunit (orYj, ) 



w 

wt - wild-type 

X 

X - an unkown electron acceptor 
X320 - an electron acceptor of photosystem II; 
equivalent to 

XAES - X-ray absorption edge spectroscopy 
XANES - X-ray absorption near edge structure 
XAS - X-ray absorption spectroscopy 
X|. - a high-energy intermediate 

Y 

Y - (oxygen) yield 

Yj^ - tyrosine- 160 of the PS-II D2 subunit 
see TyrD 

Y^ - tyrosine- 161 of the PS-II Dl subunit 
see TyrZ 

z 

Z - a secondary electron donor of photosystem II; 

same as Y^ or TyrZ 
Z - zeaxanthin 



u 

vp - vertically polarized 
UQ - ubiquinone 
UV - ultraviolet 



V 

V - volt 

V - violaxanthin 
vmc - valinomycin 

vp - (subscript) vertically polarized 
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A 

Ao (primary electron acceptor of PS I) 18 See Photosystem 1/ 
A I (intermediate electron acceptor of PS I) 580 See 
Accessory pigments 6-13 
See chlorophylls, carotenoids, phycobiliproteins 
ADRY agents 331 

Antenna systems See Light-harvesting complexes 
Antimycin 656-7 

Aqueous two-phase polymer partition 29-30 
ATP (adenosine triphosphate) 36, 666 
molecular structure 36, 666 
ATPase See ATP synthase 
ATP synthase 38-9; 665-731 
ATP (adenosine triphosphate), molecular structure 666 
chloroplast ATP synthase (CFo'h'i) 665-731 
cryoelectron microscopy (image) 675,712 
current models of Fq'Fi ATP synthase 728-731 

model emphasizing the motor and stator sectors 728-9 

model in color - Color Plates 16, 17 

model showing cross-links 728-9 

model showing proton translocation and generation of 

torque in Fo 731 

discovery of photophosphorylation in chloroplast 668 
discovery of photophosphorylation in photosynthetic 
bacteria 668 

early modeling of CFq-F | 670-6 
an early model 674 
arrangements of subunits in Fq 673 
composition derived from SDS-PAGE 672 
enhanced molecular image projections ofCFj 674 
SDS-PAGE-gram 671 

side view of CFq'Fi obtained by cryoelectron 
microscopy 675 

side view of£cFo'F| obtained by cryoelectron 
microscopy 675 

structure of the 100-kDa“subunit III (c)” 671-3 
formation of “chimeric” Fq'Fi complexes 668 
general morphological features oftheFo'F] complex 
(table) 669 

historical background for naming CFq 667 
schematic representation of location in the thylakoid 667 
subunit composition 669-670 
subunit structures 722-731 
c subunit: ribbon diagram 728 
c subunit: dodecameric ring model 
Fq subunits a, b and c 725-7 
small subunits (e, S) and their interfaces 722-5 
ATP genes and gene products 669 
ATP hydrolysis See ATP synthase 
ATP-Pi exchange 707 



ATP synthesis 
chemiosmotic theory 676-8 
electron donors 679 

energy conservation sites (in chloroplasts) 678-9 
liposomes containing PS-I RC and 681 

NADPH and ATP yields with TMPD and DAD 679 
P/C 2 ratio 678 

proton-motive force (formula) 678 
schematic representations for plant and bacterial 
reaction centers 677 

energy-transfer inhibitors (schematic representation) 
682-4 

field-indicating absorbance changes (FIAC) of pigment 
molecules 691-700 
bacterial chromatophores 697-8 
effect of gramicidin 695 

electrochromic titration of thylakoid unit with 
gramicidin 695 

effect of uncouplers and ionophores 693-4 
FIAC and photophosphorylation 692 
kinetic profile 696 

multilayers of pigment molecules 698-700 
layers of Chls-a, -b and carotenoid 699-700 
layers containing lutein 699-700 
induced by an artificial transmembrane proton gradient 
686 

membrane potential produced by diffusion potential 

688 

membrane potential produced by an electric field 
689-611 

conceptual development 690 
experimental results 691 

induced by an artificial electrochemical-potential gradient 
687 

ionophores (schematic representation) 682-4 
mechanism 707-731 

binding change theory 708-716 
catalytic sites of different binding affinities 708 
evidence from crystal structure 710-1 
evidence from electron microscopic images 710-3 
graphic illustrations 709 
proton pumps See Proton pumps 
rotation of subunits in£cF| subunit 713-8 
chemical tests 713-8 

disulfide crosslink between the P and y subunits 713 
y-subunil rotation in £cF|-ATP synthase 714-5 
y-subunit rotation in membrane-bound £cF|-ATP 
synthase 715-6 

rotation of the ye subunit domain in £cFo’F|-ATP 
synthase 716-8 

spectroscopic evidence for y-subunit rotation 718-722 
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ATP synthesis (continued) 

by photoselection spectroscopy 718-720 
direct observation by fluorescence microscopy 720-1 
observation in theaj-Pj7 subcomplex 720-1 
observation in EcFj-ATP synthase 
[a bj-c,j/a3-p,r5-E ] 720-1 
“polarized-absorption relaxation after 
photobleaching” (PARAP) 718-720 
uncouplers (schematic representation) 682-4 



B 

B800-850 17 
B890 17 

Bacteria See Photosynthetic bacteria 
Bacterial reaction centers 
See Photosynthetic bacteria/ 

BBY thylakoid membrane fragment 28 
Bacteriopheophytin (B<P) the transient intermediate electron 
acceptor See Photosynthetic bacteria/early electron 
acceptors 

B acteriorhodopsin 700-3 
Blue-green algae See Cyanobacteria 



c 

Calvin cycle 2 
Carotenoids 229-248 

absorption spectrum 240-1 

P-carotene 242 
2'Ag 241 
I’B„ 241 

l5-cis 230 

Car— >Chl energy transfer in bacterial light-harvesting 
complexes 244-8 
time-resolved spectroscopy 244 
distribution 229 
energy transfer 240-4 
excited singlet state 240-1 
fluorescence 241-3 

emission and excitation spectra of P-carotene and 
fucoxanthin 242 

emission properties in four all-trans carotenoids on 
their structure and extent of conjugation 243 
fluorescence yield 241-3 
forbidden transition 240 

functionality, multiple (light harvesting, triplet quenching, 
structural) 10-3 
ground state 240 

Koyama’s rule on molecular configuration and 
functional role 230-1 
light-harvesting role 229-233 
energy-transfer 244-8 
efficiency 231-3 

electron-exchange mechanism of Dexter 240 



Carotenoids (continued) 

low-lying excited singlet states 240 
schematic energy diagram 241 
singlet-singlet energy-transfer dynamics 240-8 
graphic representation 230 
linear, conjugated chain structure 10-2, 230 
lutein 221-2 

photoprotective role 241-244 
graphic representation 230 
triplet-triplet energy transfer 245-8 
energy diagram 247 
mediation role of BChl (Bb) 245-6 
schematic representation 246 
phosphorescence spectrum of BChl 246-7 
triplet-state energy 248 
peridinin 233-4 

roles in photosynthesis 229-248 
singlet-state decay time 240-1 
spirilloxanthin 230 
triplet 245, 611 
xanthosomes 229-235 

peridinin-chlorophy 11 protein (PCP) 231-6 
circular-dichroism spectra 234 
crystal structure of monomer subunit 235-6 
disposition of PCP within the membrane 236 
energy transfer 23 1 -6 
energy-transfer sequence 236 
peridinin, structure of 233 
spectroscopic studies 234 
stereograms of PCP monomer crystal 235 
stereogram of Chi and peridinin arrangement 235 
trimer of PCP 236 

three examples ofCar— >Chl energy transfer 232 
supramolecular fucoxanthin-chlorophyll protein 
assembly (FCPA) 232-235 
discovery 236 

energy-flow, a schematic representation of 239 
molecular model 238-9 
spectral properties 237-8 
absorption and 2nd derivative spectra 237 
intact Vi. dissociated FCPA 237-8 
CCl complex See Photosystem I 
CFo’Fi See ATP synthase 
Chemiosmotic theory See ATP synthesis 
Chloride (in oxygen evolution) 369-371 
Chlorobiaceae See Green sulfur bacteria 
Chlorobium chlorophyll-650 143 
Chlorobium chlorophyll-660 143 
Chloroflexaceae See Green filamentous bacteria 
Chlorophylls 6-10 

accessory chlorophylls 6 
Ao See Photosystem 1/ 
chlorophyll alb binding LHCs 
See Light-harvesting pigment-protein complexes 
chlorophyll-binding proteins 216-9 
CP43 216 
CP47 216 
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“connecting” Chi a (CN-Chl a) 455-6 
“core antenna” Chi a(CA-Chla) 451-4 
different forms in vivo 8-10 
molecular structure 6-8 
spectral properties of Chi and BChl 6-8 
Qx/Qy7 
Chloroplasts 19-21 
appressed regions 21 
asymmetry, lateral and transverse 38-41 
ATP synthase See ATP synthase 
chemical composition 31-8 
the lipids 3 1 
protein complexes 32 
electron carriers 32-8 
redox-active amino acids 34-6 
cytochromes 35-7 
iron-sulfur proteins 35-7 
plastocyanin 37-8 
protein components 32-4 
freeze fracture electron microscopy 26-30 
granal and stromal lamellae 26-30 
model 19-21 

non-appressed regions 21 

overview of photoinduced, charge-transfer events 40-1 
role in photosynthesis 19-20 
segregation of PS-1 and PS-II components between 
thylakoid membrane of 19-21 
topology revealed by freeze-fracture electron micro- 
scopy 26-30 
Chlorosomes 147-156 
baseplate 148, 150 
BChl c, spatial organization 150-1 
BChl c-727, -744, -766 complexes 152 

evidence for aggregated pigment molecules 150-2 
electronic energy transfer sequence (model) 149-150 
excitation-energy transfer, kinetics 153-4 
excitation-energy transfer, pathway 153-4 
pattern of energy migration 150, 152 
schematic representation 160 
simplified model 17, 148-9 
spectra (absorption, fluorescence) 153 
FMO (Fenna, Mathews, Olson) protein 155-6 
crystal structure 155-6 
discovery (1962) 155 
function in excitation energy transfer 155 
structure and spectral properties 156 
trimer structure 156 

linear cascade model for energy transfer 154 
location in chlorosomes of Chlorobiaceae 148 
morphology of cells of green bacteria 148 
pathway and kinetics of excitation energy transfer 153 
time-resolved fluorescence spectra 153 
reaction center- antenna complex, model 149, 152 
chlorophyll molecules, organization 149, 152, 154 
rod elements 149-152 

arrangement of BChl c molecules in rod elements 151 
role in excitation energy transfer 152 



Chromatium See Photosynthetic bacteria/ 

Chromatophores 47-8 

Circular dichroism 465-6 

Coupling factor See ATP synthase (CFq'F)) 

Cryoelectron microscopy 675 
Cyanobacteria 251-2 

phycobiliprotein See Phycobiliprotein 
phycobilisome See Phycobilisome 
Cyclic electron transport See Photosystem 1 
Cytochrome 35 

molecular structure 37 
Cytochrome b559 277-282 
electrochemical properties 277-278 
electron transport pathway 283-6 
Fe(ll)-Fe(lll) redox change 35 
heme 283 

high-potential 283-6 
low-potential 283-6 
model of binding site 278-279 
model for the protective role 282 
photooxidation 278-280 
photoreduction 280-281 

protective function against photoinhibition 277-282 
molecular switch 282 
stereochemistry in iron ligation 278-279 
Cytochrome h^See Cytochrome complex 
Cytochrome be complex (collective designation for he, and 
hy complexes) 

comparing electron-transfer sequence in chloroplast, 
purple bacterial, and mitochondrial complexes 636 
Cytochrome he, complex 651-661 
electron transfer 65 1 -66 1 

identification of Q-sites with the help of inhibitors 
656-8 

identification of Q-sites with the help of mutagenesis 
656-8 

Rieske iron-sulfur protein (R-ISP) 639-643 
movement of R-lSP domain during electron 
transfer 658-661 

rotation of the [2Fe-2S] cluster upon binding of the 
inhibitor stigmatellin 659 

scheme showing movement of the [2Fe-2S] domain 
in quinol oxidation 661 

three-dimensional structure of the beef-heart protein 648 
three-dimensional structure of protein from chicken 648 
" (color stereogram of dimeric complex) Color Plate 15 
Cytochrome hycomplex 635-661 
electron transfer 651-661 
“electrogenic” reaction 651 
electron transfer components 636-646 
quinone cycle (Q cycle) 651-8 

oxidant-induced reduction of Cyt 654-6 
Q-cycle model 651-4 
Q-cycle formulation 653 
the four subunits 635-646 
Cyt h, „ hydropathy plot 639 
Cyih,, membrane-spanning model 37, 639 
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Cytochrome bf complex (continued) 

Cyt y topology 639 
Cyt/ 643-6 
a-band 649 

amino-acid composition 644 
docking site with plastocyanin 618-621 
hydropathy plot 644 
interaction with plastocyanin 618-621 
structure 643-6 
topological model 644 
topological (ribbon) model (stereogram) 645 
topological (Ca tracing) model (stereogram) 645 
water chain bound to lumen side 645 
Rieske iron- sulfur protein (R-ISP) 639-643 
amino-acid sequence 640-1 
membrane-spanning model 641 
movement of R-lSP domain during electron 
transfer 658-661 

three-dimensional structure of chloroplast R-ISP 
fragment (stereogram) 641 

" (color photo) Color Plate 14B 

three-dimensional structure of mitochondrial 
R-ISP fragment (stereogram) 642-3 

" (color photo) Color Plate 14A 

“subunit IV” 636 

location in thylakoid membrane 636 
SDS-PAGE pattern 637 
spectroscopic characterizations 648-651 

difference spectra of the three chloroplast cytochromes 
648-9 

room and low temperature difference spectra of 
spinach Cyt bj~ complex under various redox 
conditions 650 

EPR spectrum of spinach Cyt bj~ 65 1 
" , effect of DBMIB 651 

structure 635-648 

electron microscopy and image analysis 646 
projection map of thin three-dimensional crystals 647 
topology 637 

Cytochrome / See cytochrome bjl 



D 

Ahh<- (proton motive force, PME) 678 
chemiosmotic theory See ATP synthesis 
D1 protein 200-3 
D1/D2 heterodimer 200-3 
D2 protein 200-3 

“Decay-associated difference spectrum” 

See Photosystem 1/Ao/subpicosecond optical spectroscopy 
Delayed light emission (DEE) 5 
Digalactosyldiacylglycerol (DGDG) 3 1 



E 

Early electron acceptor (B) See Photosynthetic bacteria/ 
£cF()-Fi See ATP synthase 
Efficiency of energy usage in photosynthesis 3, 22 
Electrochromic band shift 699 

Electron microscopy of freeze-fractured thylakoid 26-30 

Electron-transfer proteins 32 See Electron carriers 

Emerson’s enhancement effect (or “red drop”) 22-6 

Emerson and Arnold’s concept of photosynthetie unit 

See Photosynthesis/modern concepts 

Electron nuclear double resonance spectroscopy (ENDOR) 

95 

Electron resonance spectroscopy (EPR) See under individual 
components 

Electron spin polarized EPR (ESP-EPR) 581-3 
Energy conservation 678 
Energy transfer 5 
Evolution 41-4 

photosynthetic apparatus 41-4 
Extended X-ray absorption fine structure (EXAFS) 344-8 



F 

F^, F„, See Photosystem 1/FeS-A, FeS-B, FeS-X 
FCPA (fucoxanthin-chlorophy 11-protein assembly) 18 
Ferredoxin (Fd) See Photosystem 1/PS-l reaction center 
Ferredoxin-NADP'-reductasc (FNR) 628-632 
Flavin adenine dinucleotide (FAD) 628-630 
binding domain (in FNR) 630 
Fluoreseence 4-5 
induction kinetics 291 

FMO (Fenna, Mathews, Olson) protein see Chlorosome 

Forster’s resonance energy transfer 5-6 

Fractionation by “two-phase aqueous polymer partitioning” 

29-30 

Freeze-etch technique 26-30 
freeze-fracture electron microscopy 26-30 
French press 30 

Fucoxanthin-chlorophyll protein assembly, supramolecular 
(FCPA) See Carotenoids/xanthosomes 



G 

Grana (granum) 19-21 

membrane morphology 19-21,26-30 
membrane stacking 21, 28 
site of PS-11 components 28-30 
thylakoids 26-30 

electron micrograph 27, 29 
model 27, 29 
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Green filamentous bacteria 168-173 

absorption spectrum of Cf. aurantiacus compared to 
that of the purple bacterium Rb. sphaeroides 169 
cells 148 

Chloroflexaceae 174-176 

“FeS-type” reaction center 175 
chlorosome See Chlorosome 
cytochrome c554 170 
value 170 

reduction of P865*" 170 

electron-transfer scheme (rates and 174-6 
intermediate electron acceptor 172-3 
identified as BO 172 
picosecond spectroscopy 172-3 
rise and decay times 172-3 
morphology and composition 147-8 
primary electron acceptor (BChl a) 173 
picosecond spectroscopy 173 
primary electron donor (P865) 169-170 
photooxidation 169-170 
-value ofP865"/P865 170 
difference spectrum of chemically oxidized and 
reduced reaction centers 170 
reduction by cytochrome c554 170 
spin-polarized triplet state 170 
decay time 170 
reaction center 168-9 
composition 168-9 
preparation and properties 168-9 
reaction center-antenna complex, model 145-146 
reaction scheme (summary) 170-172 
secondary electron acceptor (menaquinone) 170-2 
difference absorbance spectrum due to photoreduc- 
tion of menaquinone 171 

value determined by titrating Cyt oxidation 172 
Green sulfur bacteria 159-168 
Chlorobiaceae 148 

“quinone-type” reaction center 148, 175 
Chlorobium limicola 148 

morphology and composition 148 
Chlorobium Chl-660 See BChl c 
Chlorobium Chl-665 See BChl d 
intermediate acceptor A, (phylloquinone) 165-7 
absorption change and kinetics 166 
picosecond kinetics 167 
primary electron acceptor A,, (BChl-663) 168 

BChl-663 configuration compared to that of Chi a 
168 

primary electron donor (P840) 162-4 

E -value of P840VP840 163 

m 

EPR spectrum suggests a BChl-a dimer 163 
kinetics of photooxidation 166 
light-induced absorption changes of Complex 1, 

PP complex, and RCPP complex 163 
photooxidation 162-3 
spin-polarized triplet state 164 
triplet state formation 163 



triplet-state lifetime 164 
reaction-center complexes 161-2 

absorption and difference absorption spectra 162-3 
absorption spectra of “PP” and “RCPP” complexes 161 
3 FMO/RC-core (PP complex) 161-2 
1 FMO/RC core (RCPP complex) 161-2 
“complex 1”, RC with FMO 160-2 
“complex II”, RC without FMO 160-2 
“PP” complex 160 
RCcore 162 
“RCPP” complex 161 
schematic representation 160 
secondary electron acceptors 164-5 
C-P430, the analog of P430 of PS I 165 
FeS proteins 164 

H 

Halobacterium halobium {salinarium) 699-700 
Also see Proton pump 

Hill reaction (discovery) 19 See Photosynthesis/modern 
concept 

relationship to van Niel’s formulation of photosynthesis 
19 

hydropathy plot for predicting protein configuration 51-3 
hydrophilicity 5 1 
hydrophobicity 51 



I 

Inside-out thylakoid membrane 28-30 
light-induced (reverse) pH change 29-30 
Intersystem crossing 5 
Intracytoplasmic membrane 47-8 
Invagination (membrane) 30 

ionophores (schematic representation) See ATP synthesis/ 
Iron-sulfur proteins 35 
structure of FeS-cluster 37 

K 

Kamen’s logarthmic time scale 14-5; see ptj 

Kok S-state cycle See Oxygen evolution/Kok-Joliot model 

L 

L-subunit See Photosynthetic bacteria/bacterial reaction- 
center complexes/ 

L/M heterodimer See " 

Leucine-zipper motif See Photosystem I/heterodimer 
LHl (light-harvesting complexes of photosystem I) 19 
LH2 (light-harvesting complexes of photosystem II) 19, 40 
Lhc genes (table) 33 
Light energy 3-5 
absorption 4 
fate of excited states 4 
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world’s energy supply 3 
Light-harvesting pigment molecules 4-13 
accessory pigments 10-13 
carotenoids 11 
hilins 12 

chlorophylls 6-8 See Chlorophyll 
structure and absorption spectra 6-8 
Light-harvesting pigment protein complex 65-80 
electronic excitation-energy transfer 80 
isolation 66 

light-harvesting complex 1 (LH1)66 
light-harvesting complex 2 (LH2) 66 
model (earlier) 69-71 
model of RC-LH1-LH2 79 
photosynthetic bacteria 65-80 
crystal structure of LHl 77-78 
of Rhodospirillum rubrum 77-78 
of Rhodobacter sphaeroides 78 
crystal structure of LH2 71-77 

of Rhodopseudomonas acidophila 71-75 
of Rhodospirillum molischianum 75-77 
protein structure (amino-acid sequence) 68-69 
spectral properties 66-67 
Linker polypeptide See Phycobilisomes/ 

Lipids 31 

molecular structure 31 
role in membrane stability 3 1 
Lumen 20-1 
Lutein See Carotenoid/ 



M 

M-subunit See Photosynthetic bacteria/bacterial reaction- 
center complex 

Manganese (in oxygen evolution) 39 

Also see oxygen evolution/role of manganese 

Membrane-bound iron-sulfur proteins FeS-A and FeS-B 

See Photosystem I/FeS-A/FeS-B 

Membrane unstacking 27-9 

Menaquinone 102-3 

electron acceptor in photosynthetic bacteria 102 
molecular structure in different states of reduction and 
protonation 102-3 
Methyl viologen 510-1 
Mossbauer spectroscopy 453-4 



N 

NADP’’' (nicotineamide adeninedinucleotide phosphate) 
molecular structure of oxidized and reduced forms 36 
Neutral red (dye) 331-4 
Nuclear magnetic resonance (NMR) 722-4 



o 

Oxygen evolution (OF) 

discovery by Joseph Priestley (1772)323 
extrinsic polypeptides (17, 23 and 33 kDa) 365-9 

33-kDa polypeptide as a “Mn-stabilizing protein” 367 
binding to PS-II reaction center 367-8 
interaction with Ca^* and Cl" 366 
isolation of the 33-kDa polypeptide 366 
properties 366-7 
removal by salt washing 366 
removal by Tris washing 366 
removal and restoration (summary pattern) 367 
four-electron gate, or four positive-charge accumulator 
324 

inorganic cofactors 369-373 
AA due to Sj— »Sj transition 373 

similar to AA for histidine OH’ formation 373 
Ca^* concentrated by 17- and 23-kDa polypeptides 372 
Ca^* displacement by La^*/ SH* 372 
effect of Ca^* depletion on g=4.1 EPR signal 372 
effect of Cl" depletion on multiline EPR signal 369-370 
EPR signal of Sj-state in Ca^*-dcpleted thylakoid 373 
ligation of Ca^* to proteins 37 1 
modified Sj-stale EPR signal 372 
OE activity as a function of CL concentration 369-37 1 
polypeptide interdependence on reconstitution 368 
removal and restoration (summary pattern) 367 
requirement (Ca^'and Cl' ) for oxygen evolution 369 
role of Ca^^'and CL in S-state cycle in OE 369-373 
stoichiometry 371 
manganese, role of 337-350 

effect of inhibitors on Mn atoms 341 
loss of Mn by Tris treatment 339-340 
Mn cluster model 344-8 
cubane model, the 348 
di-p-oxo-bridgcd centers 347 
Mn bond distances 347 
location in the PS-II reaction center 337 
Mn K-edge inflection energy vi. coordination charge 
correlation 346 

oxidation stales in various S-states 348 
structure determination by X-ray absorption 
spectroscopy 344-8 
current topological model 348 
XAS, XAES, XANES, EXAES, see Abbreviations 
Mn complex in the Sj-SlatC 342 
multiline EPR spectrum 342 
assignment to the Sj-slatc 342-3 
period-of-four multiline intensity vs. flash number 
342 

the g=4. 1 EPR line 343 

possible precursor to the multiline signal 343 
manganese extraction, methods of 338-9 
model of Mn organization 341 
effects ofMn inhibitors 341 
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manganese, role of (continued) 

models (compiled in tables with references) 

349-350, 353-4 

OE model involving H-atom abstraction by 391-4 
reaction sequence illustrated with Mn-cluster model 
393 

relationship to S-state cycle 391-4 
role ofCa^* and CE 391 
summary of salient features 392-4 
binding of substrate water 391-4 

as H-atom abstractor (proton sloughing model) 
391 

proton release accompanying S-state transitions 331-5 
spectrophotometric assay using pH-indicating dyes 
333 

flash-induced absorption-change pattern 334 
theoretical and experimental results compared 334 
assay with light-insensitive glass electrode 334-5 
requirement for oxygen evolution 336-7 
some typical Mn-cluster models 337 
six-line EPR signal of(Mn(HjO)J 339 
from Tris-washed chloroplasts 340 
S-state transitions (or cycle) 323-331 
deactivation of the Sj- and Sj-states 330-1 
effect of ADRY-agents 331 
distribution ofS-states during sequential flashing 

327 

experimentally “engineered” S-states distribution 

328 

interaction ofNHjOll (-10-50 pM)with OECs 329 
effect on the oxygen-yield pattern 329-330 
initial finding of Bouges 329 
Radmer-Ollinger model 329 
Ebrster-Junge model 330 
Saygin-Witt model -synchronizing to the S , 
state 330 

Kok-Joliot model 326-331 
a (misses) and p (double hits) parameters 327-8 
model of S-state transition 335 
period-of-four oscillation of Mn oxidation 335 
period-of-four oscillation of net charge formation 
335 

period-of-four oscillation of water deprotonation 
335 

NHjOH (at >mM) extracts Mn 329 
oxygen yield during a flash train 324-6 
actual pattern 325 

simple illustration of the S-state cycle coupled to 
charge separation in PS II 325 
theoretical pattern assuming coorperativity among 
the OECs 325 

theoretical pattern assuming non-cooperativity 
among the OECs 325 
S-state transition cycle 357-361 
periodicity-of-four pattern 357 
correlation with Mn valence changes 357 
AA|Mn(lII)-Mn(II)] attributed to S„->S, 357 



changes from the initially synchronized S j -State 
358 

AA induced by the 2nd, 3rd and 4th flashes 
359-361 

electrochromic shifts in the S-state spectra 360 
kinetics of S-state changes 361-363 
electrostatic consideration 363 
optical difference spectra 358-360 
stoichiometry 340- 1 
UV absorbance changes 355-363 

changes produced by S,— >8^ transition 355-7 
correlation with AA[Mn(IV)-Mn(lll)] gluconate 356 
oxygen-evolving complex (OEC) defined 324 
S-state 326 

thylakoid-membrane model for oxygen evolution 323-4 
water, E of0,/(l,O 324 

P 

P430 See Photosystem 1/ 

P680 See Photosystem II/ 

P700 See Photosystem 1/ 

P840 See Green sulfur bacteria/ 

Peridinin-chlorophyll protein See Carotenoids/xanthosomes 
Phosphorescence 4-5 
Photochemical accumulation or trapping 
See Photosynthetic bacteria/early electron acceptors/BO/ 
photoinhibition See Photosystem II/ 

Photosynthesis and solar energy 1 
modern concepts 

Emerson and Arnold’s concept of the “photosynthetic 
unit” (1932) 14-6 

Emerson’s enhancement effect (or “red drop”) (1944) 
22-6 

Hill reaction (1937) 19 

reaction centers and light-harvesting complexes 16-9 
two-photosystem concept 

Z-scheme formulation of Hill and Bendall 23-4 
experimental confirmation 24-6 
time sequences, Kamen’s pt scale for “eras” (1963) 
14-5 

Van Niel’s formulation, as an oxidation-reduction 
reaction (1931) 13-4 
Photosynthetic bacteria 47-198 
bacterial reaction-center complex 
“A” and “B” branch designations 60 
absence of H-subunit inhibits electron transfer from 
to Qg 62 
composition 49 
crystal preparation 54-6 
cytochromes associated with 
See Photosynthetic bacteria/cytochromes 
distance between cofactors 61 
electron transfer scheme 63 

H-subunit not involved in photochemical activity 60 
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Photosynthetic bacteria (continued) 

hacterial reaction-center complex (continued) 
inhibitor site 60 
L-, M- and H-subunits 49-51 
chemical composition 50 

conservation and homology of amino-acid sequences 
51 

polypeptides, hydropathy plots 51 
pathway for triplet energy transfer 62 
stereo view of pigment molecules and cofactors in 
Rp. viridis reaction center 61 

X-ray diffraction studies revealing location of cofactors 
and a-helices 
Rp. viridis 56-8 
Rb. sphaeroides 58-9 
Bct> (bacteriopheophytin) 129-137 
discovery of its acceptor role 130 
EPR spectrum 135-7 

spectrum split by interaction with Q-Fe’'^ 136 
EPR redox titration of the BO/BO couple 136-7 
evidence based on light-induced absorbance changes 
130-1 

evidence based on picosecond absorbance-change 
kinetics 131-2 

lifetime of BO" with oxidized or reduced 133 
Pf-state ([P’ BO-] or [P* r]> state 133-5 
decay to the triplet state or P'*-state 130 
dependence of risetime on temperature and redox 
state ofQ^ 142 
lifetime 130, 132 

transient difference spectrum 137-8 
P"- or^[P I] state 

decay and life time 130 
quantum efficiency for production 130 
photochemical accumulation of BO" 133-7 
absorbance difference spectrum 133-5 
Cyt c553 intervention 133 
rate of reduction ofPSTO^by cyt c553 133 
rise and decay time of BO" 140 
schematic representation 130 Also see P''-State 
spin re-phasing 132 
Chromatium 182-7 
cytochromes 179-196 
values 180 

electron tunneling 181 
low-temperature activity 180 
menaquinone and ubiquinone as and 102 
nomenclature 179-180 

nomenclature based on E^, sequence, or distance 186 
oxidation coupled with P* re-reduction 182-4 
RC-(mammalian) Cyt c model system 194-196 
absorbance changes and kinetic correlation 194 
electrostatic interaction 196 
evidence from effects of pH and ionic strength 196 
evidence from effect of the presence of polycation 
(polylysine) 176 



Photosynthetic bacteria (continued) 

Chromatium (continued) 

rapid reaction kinetics 195 
independence of rate on Cyt-c concentration 195 
RC:Cyt stoichiometry 190-191 
RC-Cyt interaction 180-1 

no tightly bound Cyts (e.g., Rb. sphaeroides) 180-1 
with tightly bound Cyts (e.g., Chromatium), 
reaction-center associated 180-1 
reduction of photooxidized primary donor 182-3 
formulation of the reaction sequence 182 
absorbance changes and kinetic correlation 183 
structure of a-, b- and c-type cytochromes 179 
temperature-insensitive oxidation in Chromatium 184 
electron tunneling 185 
tetraheme arrangement 186-194 
derived from EPR spectroscopy 189-190 
derived from reaction kinetics 187-189 
Langmuir-Blodgett films 191-192 
model of tetraheme arrangement 193 
nomenclature for the four hemes 186 
tetraheme orientation 190-194 
Early electron acceptors 129-145 

absence of spectrokinetic evidence 140-1 
B (monomeric BChl) primary acceptor 129, 137-145 
early development (1978-1986) 137-142 
early femtosecond measurements 140-2 
electron-transfer models 144-5 
recent femtosecond measurements 142-5 
stimulated emission from P* 140-1 
super-exchange mechanism 142 
P^-statc [P^'B-] 137 
theoretical upper limit for lifetime 142 
transient difference spectrum 137-8 
recent studies 142-5 
removal ofBgbyNaBH^ 138 
super-exchange mechanism 138, 142 

electron tunneling allowing the P‘=-state 138 
two models for electron-transfer sequence 145 
electron-transfer kinetics in a 4-state model 145 
Heliobacteria 173-4 

BChl g as the light-harvesting pigments 174 
Cyt c553 identified as secondary electron donor 174 
discovery (1983) 173 
EeS-type reaction center 173 

intermediate electron acceptor (8'-hydroxy-Chl a) 174 
primary electron donor P798 is a dimer of BChl g" 

(13^ epimer of BChl g) 98, 174 
reaction-center complex 174 
secondary electron acceptors 
(quinone and FeS-proteins) 174 
Light-harvesting pigment-protein complexes 65-83 
amino-acid sequence of the a- and (l-polypcptides 68 
core (inner, or proximal) antenna 66, see LHC I 
crystal structure 71-83 
LH2 (B800-850) of Rp. Acidophila 71-5 
cross-sectional view 72 
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Photosynthetic bacteria (continued) 

Light-harvesting pigment-protein complexes (continued) 
ribbon model (viewed from periplasmic side and 
along the membrane plane 74 See Color Plate 4 
LH2 (B800-850) of Rs. Molischianum 75-7 
an octamer of the aP-heterodimer-pigmcnt units 
757 See Color Plate 5 
LHl (Bi9f)) of Rs.Rubrum 15-1 
projection map obtained by electron microscopy 
with two-dimensional crystals 77-8 
LHl (B875) of Rb. Sphaeroides, a computational 
dimeric LHl-RC supercomplex of Rb. Sphaeroides 
[(LHLRCHCyt6c,HLHLRC)] 78-80 
absorption spectrum 79 

chemical composition and stoichiometry 79-80 
electron micrograph of spheroplasts 79 
20-A projection map of tubular membrane 80 
earlier model of Zuber 69-7 1 
isolation 66 
model 78 

peripheral (or distal) antenna 66 See LHC 2 

amino-acid sequence of the a- and P-poIypeptides 68 
simplified representation 65 
Primary electron donor (P) 87-98 

absorption spectra 88-91; cf. absorption spectra of B Chi 
in organic solvent 88 
bacteriochlorophyll epimer 97-8 
BChl-g' epimer 97-8 
Chloroflexus aurantiacus 49 
Chromatium vinosum 49 
circular dichroism 91-3 
concept see Photosynthesis/modern concepts 
crystal structure 56-59 

L-, M- and H-subunits 57-9 
crystallization of Rhodopseudomonas viridis reaction 
center 54-56 

two-dimensional crystals 55 
crystals - type I and type II - 55-56 
differential extinction coefficient 97 

determined by kinetic coupling with mammalian 
cytochrome c 97 

electron magnetic resonance 93-5 

difference in linewidth between BChl* and P870*94 
kinetic correlation between EPR and absorbance- 
change signals 94 

electron-nuclear double resonance (ENDOR) 95 
evolution of 41-44 

“iron-sulfur type’’ 41-44 
light-induced absorption change associated with 
oxidation 89 

oxidation-reduction potential 96 
Nernst equation (in footnote on p. 96) 
photooxidation can take place at 1 K 89 
schematic representation of reaction center 87 
special pair(BChI)j 61, 87 
supported by ENDOR 95 
spectral properties 90-95 



Photosynthetic bacteria (continued) 

Reaction centers, bacterial photosynthetic 47-63 
isolation 48 

“pheophytin-quinone type” 41-4 
Rhodobacter sphaeroides 49 
cofactor composition 49 
crystal stmcture 58-9 
distance between cofactors 61 
hydropathy plot of RC polypeptides 51-3 
polypeptide amino-acid sequence 50-2 
polypeptide composition 50 
protein structure 49 
reaction center structure 48 
polypeptide subunits 49-53 

amino-acid sequence, Rb. sphaeroides 50-52 
amino-acid sequence, Rp. viridis 50-52 
chemical composition 49 
hydropathy plot 51-53 
SDS-PAGE 49-50 
Rhodopseudomonas capsulatus 48 
membrane model 48 
morphology 48 
Rhodopseudomonas viridis 49 
cytochrome c558 184 
E value 184 

m 

kinetically coupled to reduction of P960* 184 
cofactor arrangement 61 
cofactor composition 49 

crystal structure 56-8 See book cover & Color plate 1 
distance between cofactors 61 
hydropathy plot of RC polypeptides 51-3 
isolation, general methods 47 
morphology 48 

polypeptide amino-acid sequence 50-2 
polypeptide composition 50 
polypeptide, spatial arrangement 59 
protein structure 49 
reaction center structure 48 
Scondary electron acceptor (Q^) 111-127 
kinetic evidence 113-4 
protonation 117 

proton transfer (pathways) 118-127 

amino-acid residues acting as proton relays 118 
ATP synthesis 1 17 

coupling of electron transfer to proton transfer in 
photochemical cycles 119-120 
dissociation ofQ^Hj and its replacement 123-6 
effect of site-directed mutagenesis 120-3 
kinetics 122 
model 118 

transmembrane proton pump and ATP synthesis- 
an overview 127 

ubiquinone identified to be in Chromatium and 
Rb. sphaeroides 114 

water molecule involvement 126 See Color Plate 2 
(Stable) primary electron acceptor (Q^) 101-9 
absorption spectrum 102-4 
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Photosynthetic bacteria (continued) 

(Stable) primary electron acceptor (Q^) (continued) 

electrochromic shifts caused by a local electric field 
104 

access of solvent protons to in reaction centers vi. 
chromatophores 109 

difference spectrum due to reduction 104 
electron acceptors in photosynthetic bacteria 102 
preferential extraction 106 

Qg shown to be the acceptor for (by extraction 
and reconstitution) 106-7 

g=1.28 signal due to semiquinone interacting with a 
a high-spin nonheme iron 105-7 
electron magnetic resonance 104-5 
the g=2.00 signal 104 
the g= 1.84 signal 105 

in vivo spectrum reveals interaction with nonheme 
iron 104-5 

electron-transfer pathway, schematic representation 102 
functional role 105-7 

studied by sequential extraction of quinones 106 
effect of Fe removal 107 
effect of Fe replacement by other metals 107 
Em and pK of semiquinone 107-9 
kinds of quinones involved in different bacteria 102 
oxidation-reduction potential 107-9 

titration monitored by absorbance changes 108 
titration monitored by g=1.8 EPR changes 109 
true operating potential 108 
quinones as electron acceptors, 102, 112 
recombination with P870'^ 109 
temperature-independent recombination suggests 
electron tunneling 109 
polypeptide subunits 49-53 

amino-acid sequence, Rb. sphaeroides 50-52 
amino-acid sequence, Rp. viridis 50-52 
chemical composition 49 
hydropathy plot 51-53 
SDS-PAGE 49-50 

primary (Qa) and secondary (Q^) electron acceptors 
101-127 

absorbance change 114-5 

binding domain, schematic representation 112-3 

distance from iron 117 

electron paramagnetic resonance signals 116-7 
spin lattice relaxation 117 
electron transfer between the two quinones 1 14-7 
binary oscillations 114-7 
monitored by light-induced absorbance changes 
114-5 

monitored by light-induced EPR-signal changes 
116-7 

protonation, see Photosynthetic bacteria/ 
secondary electron acceptor (Q^) 
schematic representations 115-6 
quinone reduction, pathways of 102 



Photosynthetic bacteria (continued) 
primary (Qa) and secondary (Q^) electron acceptors 
(continued) 

reduction and protonation pathways 103 
ubiquinone and iron, functional role 105-7 
Secondary electron acceptor 1 1 1-127 

binary oscillations during electron transfer 1 14-7 
monitored by light-induced absorbance changes 1 16-7 
monitored by light-induced EPR-signal changes 112-3 
binding domain 1 12-3 
dissociation of Q|^Hjll9, 123-5 
evidence for 113-4 
experimental confirmation 123-5 

two-electron gate See binary oscillations 
protonation 117-127 
amino acids acting as H*-relays 117-8 
effect of site-directed mutagenesis 120-3 
the “bucket brigade” mechanism 118-120 
spatial arrangement 59-62 
transfer time determined by flash protocol 117 
Photosystem 1 (PSI) 419-632 
A„ (primary electron acceptor of photosystem 1) 555-576 
activation energy 556 

AA [A|'-A||J compatible with a red-shifted Chi anion 
557-9 

EPR spectroscopy 560-1 

construction of EPR spectrum ofA,, at g=2.0025 
561 

sequential development of A, and A„" signals 561 
optical spectroscopy 556-576 
extinction coefficient 563 
isolating AA [A„'-A|J by flash illumination 556 
isolating AA [A^'-AJ by steady illumination 558-9 
temperature independent decay rate below ~60 K 
557 

using microsecond flashes 556-8 
picosecond optical spectroscopy 561-576 

early subnanosecond measurements 561-3, 5, 7-8 
absence ofAA changes in the presence of FeCy 
563 

difference spectrum obtained by maintaining all 
secondary acceptors pre-reduced 566 
spectrum ofChP shifted to the red 563 
triplet-state formation 562 
using highly P700-enriched particles 568 
using vitamin K depleted and reconstituted 575-6 
subpicosecond optical spectroscopy 571-6 
“decay-associated difference spectra” (DADS) 
573-4 

intrinsic charge separation time 576 
radical pair [P700*-A„ ] lifetime 572, 574 
using open and closed reaction centers 571-3 
using phylloquinone extracted and reconstituted 
PS-1 particles 575-6 

schematic representation (A^ in PS-1 RC) 555 
various symbols for early electron acceptors 555 
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Photosystem I (PS I) (continued) 

A| (intermediate electron acceptor of PS I) 579-602 
forward electron transfer from A, to FeS-X 591-7 
transient optical spectroscopy 591-7 
measurement 594 

reoxidation of A, by FeS-X in 15 ns 592 
reoxidation of A, 'by FeS-X in 200 ns 593 

" , confirmed by photoelectric measusrement 

594 

optical spectroscopic studies 583-595 
low-temperature studies 583-6 
optical and EPR comparison 587 
charge recombination of [P700*-A|'| in CPI 588-9 
schematic representation (location of Aj in PS-I RC) 
579 

spectroscopic identification by electron-spin- 
polarized EPR (ESP-EPR) studies 581-3 
transient EPR spectroscopy (at room temperature) 
595-7 

phylloquinone OQ, 2-methyl-3-phytyl-l,4-naphtho- 
quinone, orvitamin K,) 597-602 
effect of phylloquinone extraction 597 
consequence on reactions of FeS -proteins 599 
inhibition of NADP*' photoreduction 600 
OQ/P700 ratio=2 580 
molecular structure 579 

occurrence in plants, algae and cyanobacteria 580-1 
one tightly bound OQ 580 
types of quinones that can replace CpQ in reconstitu- 
tion 601-2 

extent of reconstitution vi. redox potential of 
quinones 602 

extent of reconstitution vs. molecular structure of 
quinones 602 
Ferredoxin (Fd) 621-7 

absorption spectra of oxidized and reduced Fd 622 
bound to PsaD by electrostatic forces 625 
EPR spectrum 622 
Fd reduction 625-7 

effect of Fd on P430" decay kinetics 511, 623 

effect of PsaD and PsaE 625-7 

measurement of Fd reduction by high-sensitivity, 

kinetic spectrophotometry 623-4 

measurements using PsaD- or PsaE-deletion mutant 

626-7 

redox potential 621 
replaced by flavodoxin in vivo 621 
schematic representation of location in PS-I RC 605 
three-dimensional structure of (Anabaena) Fd 622 
Ferredoxin-NADP*-reductasc (FNR) 628-632 
absorption spectra of oxidized, reduced and 
semiquinone forms 628 

conformational change required in binding NADP* 630 
FAD dissociation constant 628 
FNR catalytic cycle 631-2 

hydride transfer from flavin component to NADP* 628 



Photosystem I (PS I) (continued) / FNR (continued) 
NADP* binding 629 

schematic representation showing location in PS-I RC 
605 

redox potentials 628 

stereogram ofFNR'NADP' complex 630 
stereogram of orientation and interaction ofFd with 
FNR 631 

three-dimensional structure (stereogram) 629 
topological diagram (FAD/NADP* domains) 629 
FeS-A and FeS-B [PsaC] (membrane-bound iron-sulfur 
proteins) 479-501 

absorption spectra of oxidized and reduced forms 
485 

extinction coefficient 484 
characterizations 483-494 
biochemical characterization 486-9 
amino-acid (AA) sequence 486 
AA sequence alignment among species 486 
binding of PsaC in PsaA/PsaB core 479 
characterization of the [4Fe-4S] cluster structure 
by site-directed mutagenesis 488 
cysteine motif same as in bacterial ferredoxin 
489 

modeling the structure of PsaC with Pseudomonas 
aerogenes ferredoxin 489 
removal by SDS but not by Triton 486 
stoichiometry (FeS-A/P700) 481 
electron-transfer sequence 494-501 
serial or parallel pathways 495 
by chemical modification 495, 8, 9 
by site-directed mutagenesis 495-6 
demonstrating FeS-B to be the immediate donor to 
Fd 496-8 

multitime-domain kinetic spectroscopy 496-501 
uphill electron transfer 501 
EPR characterization 481-493 

combined with X-ray crystallography 493 
EPR-signal amplitude directly proportional to 
P700 content of sample 481 
EPR spectra of isolated FeS-A and FeS-B 485 
isolation and characterization 483-5 

isolation using various organic solvents 483 
kinetic characterization 490-493 

sequential flashing in the presence ofPMSFlj. 490 
charge recombination from /ir-to-s domain 491 -3 
location in PS I (schematic representation) 479 
redox potential of FeS-A and FeS-B 482-3 
direct redox titration by EPR monitoring 483, 485 
E^ of isolated proteins 485 
structure characterization based on electron spin 
relaxation 483-4 

FeS-X (Ajl (an FeS electron acceptor of PS I) 527-551 
binding of FeS-X 425, 544 
core complex [P700-FeS-X] 536-540 

course of change of A A decay during removal of 
FeS-A/FeS-B 537 
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Photosystem I (PS I) {continued) 

FeS-X[AjJ (an FeS electron acceptor of PS I) (continued) 
denaturation and renaturation 539-540 
EPR spectra of the core complex 537 
isolation 536 

recombination kinetics in lP700‘'FcS-X“] 549-550 
reconstitution with FeS-A/FeS-B 537-8 
" , schematic representation 539 

redox titration 537 
ofFeS-X 533-5 

direct titration monitored by EPR 535 
E values 534-5 

m 

indirect titration monitored by EPR 534 
EPR spectral properties 528-530 
EPR spectral revelation 529 
FeS-X in the electron-transfer sequence 548-551 
minute spectral difference from FeS-A/B 548-551 
FeS-X cluster 540-8 

coordination to two cysteines each in PsaA and 
PsaB 544-5; Also see leucine zipper motif 
core extrusion / '’F-NMR spectroscopy 542 
Mdssbauer spectroscopy 543-4 
obligatory component preceding FeS-A/FeS-B 549 
structure 541-4 

X-ray absorption spectroscopy (EXAFS) 542 
kinetic correlation of P700‘‘and FcS-X decay 532-3 
low-temperature decay kinetics 533 
optical spectral properties 530-3 

absorption difference spectrum 530-2 
extinction coefficient 550 
protein environment of the FeS-X cluster 540-8 
interaction of FeS-X domain with PsaC (FeS-A/B) 545 
model of helices VIII and IX of PsaA and PsaB 
ligating the FeS-X domain 545 
schematic representation of its location 528 
stmcture models 547 

Kamlowski model showing orientation of PsaC 
relative to FeS-X 547 

model using P. aerogenes ferredoxin as simulator 
for PsaC 547 

flavodoxin, replacement for ferredoxin in vivo 420, 621 
heterodimer PsaA/PsaB of PS I 419 
leucine zipper motif 425, 7 
iron-sulfur proteins FeS-X, FeS-A, FeS-B and Fd 420 
See individual entry 
Fe/S stoichiometry 420 
redox potentials 420 

P430 (“primary” electron acceptor of PS I) 505-524 
a chronicle of earlier investigations ofPS-I “primary” 
electron acceptor 505-7 

C-P430 (green sulfur bacterial analog of P430) 521-3 
coincidence of discoveries of P430 and FeS-A/FeS-B 
507 

comparison of the PS-I RC with Chlorobium C-RC 522 
accumulation of C-P430~ using mPMS as interceptor 
for oxidized Cyt c551 523 
C-P430 reduces low-potential dyes 523 



Photosystem I (PS I) (continued) 

P430 (“primary” electron acceptor of PS I) (continued) 
Cyt c551 as secondary donor in C-RC 552 
differential molar extinction coefficient of C-P430 
523 

isolation of separate AA spectra for [C-P430'- 
C-P430] and [ox. Cyt c557 -red. Cyt c551] 523 
comparison of EPR signals of undecayed P700' and 
[FeS-A/B]- 520 

correlation based on absorption spectra of P430 and 
iron-sulfur proteins 521 

correlation between P430 and analog C-P430 521-4 
correlation with membrane-bound FeS protein(s) 
519-524 

(“C-P430”) of green sulfur bacteria 521-2 
E of P430 516-9 

m 

determination at ambient temperature 516-8 
determination at cryogenic temperature 518-9 
E^^ of C-P430, estimated from dye reduction 523 
difference spectra due to P430 photoreduction and 
P700 photooxidation 508 

discovered through unusual absorption-change kinetics 
507 

five possible fates of P700*' andP430" 509-512 
accumulation of photooxidized P700* 511 
accumulation of photoreduced P430' 512 
cyclic electron flow 509 
examples for the five cases 510 
non-cyclic electron flow 511 
recombination of P700'^ and P430' 509 
properties 512-524 

difference spectrum 513-4 
electron tunneling 515-6 
extinction coefficient 513 

low-temperature charge recombination by way of 
low-temperature decay of P700'* 515-6 
photoreduction risetime 512 
quantum requirement for photoreduction 512-3 
reduction of low-potential dyes 517 
PS-I light-harvesting chlorophyll-protein complexes 
445-459 

absorbance, fluorescence and CD spectra 447-9 
“connecting” Chi a molecules (CN-Chl a) 455-6 

stereogram showing the two CN-Chl a molecules 456 
core antenna chlorophyll molecules (CA-Chl a) 45 1 -6 
-90 molecules per RC 452 
distance distribution of CA-Chl a relative to the 
electron-transfer components (table) 455 
stereo view of CA-Chl a molecules along membrane 
normal 454 

three-dimensional organization in PS-I RC core 454 
effect of reconstitution on fluorescence 458 
gene coding (table) 450 

high-resolution fractionation by anion-exchange 
perfusion chromatography 450-1 
determination of LHC complexes per RC 451 
in vivo organization in thylakoid membrane 456-9 
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Photosystem I (PS I) (continued) 

PS-I light-harvesting chlorophyll-protein complexes 
(continued) 

various models of core-complex I-LHC I 459 
isolation and characterization 445-9 

“native” complexes PSI-200, -100 and -65 (RC core) 
and peripheral LHC I complexes 446 
dimensions of the complexes 457 
electron microscopy image analysis 456 
LHC 1-680 and -730 448-450 
peripheral LHC I complexes 445-451 
PS-I primary electron donor (P700) 463-475 
Chl-to-P700 ratio in vivo and in particles 463 
chemical identity 466-9 

1 3^-OH-20-Cl-Chl a, an early identification 466-7 
a Chl-a epimer(Clll o') 466-9 
a dimer ofChl-a' epimers 467-9 
comparison of AA of P700 and [Chi a']^ 467 
effect of composition of a binary solvent 
mixture on Chi a' extraction 468-9 
molecular structure 467 

coordination with His656 in helix X of PsaB 473-5 
discovery by Kok (1963) 463 
evidence for dimer structure 465-6 
narrowing of EPR line width 465 
CD difference spectrum 465-6 
extinction coefficient 469-471 

determined using TMPD as a mediator in a cyclic 
reaction 409-410 

determined by direct coupling of a c-type 
cytochrome with P700'’ 470-1 
effects leading to over-estimation 471 
optical and EPR properties 464-6 

difference spectmm of P700 in spinach D144 465 
effect of protein environment 474-5 
EPR spectmm 465 

kinetic correlation between flash-induced AA and 
AEPR signals 465 

light-minus-dark difference absorbance and CD 466 
oxidation is responsible for bleaching 464 
redox potential 471-3 

determinations (summary table) 473 
values (summary table) 473 
effect of protein environment 474-5 
redox titration (examples) 472 
schematic representation and stereo view 463 
PS-I reaction center (PS-I RC) 419-429 
cofactors of PS-I reaction center 420 
crystals 439-441 

from PS-I proteins of Mastigocladus laminosus 439 
from Synechococcus PCC 7002 439 
Synechococcus elongatus 439 439-441 
trimer organization revealed by EM 439 
large crystals (EM photo of needles) 440 
unit cell (schematic views) 441 
earliest model of the PS-I reaction center 435 



Photosystem I (PS I) (continued) 

PS-I reaction center (PS-I RC) (continued) 
electron-transfer sequence (diagram) 421 
highly P700-enriched particles by ether extraction 
433-4 

isolation and fractionation (earlier work) 432-4 
location in thylakoid membrane 432 
“native” PS-I core complex 435-6, 446 
photosystem-I thylakoids 431-9 
pigment molecules of PS-I reaction center 420 
polypeptide subunits of PS-I RC model 424-5 
properties, location and function (table) 424 
genes and gene nomenclature 424 
protein nomenclature 423-5 
protein subunit stoichiometry 434-5 
PsaC, PsaD, PsaE arrangement in PS I 419, 424 
PS-I RC complexes of decreasing complexity 437-9 
schematic representation 438 
schematic representation 419 
location of electron carriers in PS-I RC 419 
SDS electrophoretogram 435 
structure 422-9 

derived from biochemical studies 425-7 
atnino-acid sequence (PsaA) 426 
hydropathy plot (PsaA) 426 
three-dimensional structure 422 

arrangement of pigment molecules (4.5 A 
resolution) 422 

arrangement of protein helices (4.5 A resolu- 
tion) 428 

crystal unit cell 441 
EM revealed a RC trimer 439 
inner core (ribbon diagram) 429 
stereo view of pigment molecules 422 
two new Chi molecules (“A” and “A'”) revealed 
423 

X-ray crystallography 427-9 
primary electron acceptor (A^) 419-421 
E ofChl/ChP in vitro 420 

m 

identified as monomeric Chi a 420 
redox potential, estimated 420 
Photosystem II (PS II) 199-320 

bicarbonate, as a fifth ligand to iron in PS II 206 
binding sites on D1/D2 202-5 
charge recombination - thermoluminescence 
See Thermoluminescence 

electron donor (Y, or Z) to P680* 377-394, 397-405 
by increasing (-I-) charges of the S-states 399 
distance between and the Mn-cluster 390 
effect of electrostatic forces on electron donation 
by Y^401 

effect of rate of reduction of PbSO"* by Y^ by 
NHjOH, Tris or low-pH treatments 398-9 
extinction (differential) coefficient At for Y^ 401 
hydrogen bonding to D1 -HI 90 391 
identification as Dl-Y 161 390 
mechanism of H-atom abstraction in OE 391 
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Photosystem II (PS II) (continued) 
electron donor (Y^ or Z) to P680*" (continued) 

OE model involving H-atom abstraction 
See oxygen evolution/H-atom abstraction by 
oxidation 401 

protein environment 389-390 
proton “sloughing” upon oxidation 391 
rate of oxidation by P680* 382 
redox equilibrium with Y^ 389 
redox properties of Yj^ and Yp 388-9 
direct determination of of Y^W^ couple 389 

indirect determination of of Y^*'/Y^ couple 389 
ribbon protein-structure model with cofactors 390 
D1/D2 and L/M homology 389 
tyrosine shown to be the donor to P680^ and 
represents the EPR signals Sll^and SlI^^ 381 
Yjj as H-atom abstractor 391 
electron donor (Yp or D) to P680*, alternate 381 
distance from D2-H189 390 
hydrogen bonding to D2-H189 390 
identification as D2-Y160 390 
EPR spectroscopy of secondary electron donor 377-394 
chemical identity (tyrosine Y) 384-8 

account for quinone by measuring its content 384 
correlation between P680'^ decay time and SII^ 
risetime 382 

earlier attribution to a quinone 384 
identified as tyrosine by EPR through isotope 
replacement 385-6 

identified as tyrosine by EPR of wild-type and 
D2-160(Y-»F) mutant Synechocystis cells 386-8 
identified as tyrosine by EPR of w.t. and mutant 
D2-\6l(Y->Fy Synechocystis core complexes 386-8 
comparison ofZ*->Z and reaction times 

383 

rate of Y^ oxidation by P680'' 382 
Sll-type (Slip SII^p SII,) signals 378-389 
activation energy for SII^ signal decay at 5 4 °C 
380 

decay acceleration by hydroquinone or phenylene- 
diamine 380 

reciprocal amplitude relationship in OE activity 
between Sll^,pand Sll^signals 380 
schematic representation of electron transfers 
377, 381 

wavelength effectiveness 379-380 
SIIj,^ signal originates from tyrosine Yp 381 
schematic representation 377, 397 
herbicide binding 300-303 

modelling by wild-type Rp. viridis L-protein 
300-302 

modelling by mutant (T4) Rp. viridis L-protein 
302-303 

iron atoms per PS -II reaction center 313 
light-harvesting chlorophyll-protein complexes 
CP-24, -26, -29, -43, -47 (Chi proteins) 215-228 
model representations 217 



Photosystem II (PS II) (continued) 

light-harvesting chlorophyll-protein complexes (cont'd) 
location, responsible gene, and function in PS II 
201,207-210 

core antenna complexes (CP47, CP43) 216 
minor Chl-o/h binding protein complexes 216-7 
major Chl-a/h binding protein complex (LHC II) 
217-224 

amino-acid sequence 218 

CPU, original designation of LHC II 218 

crystal structure 219 

chlorophyll molecules 220 

lutein chains 221 

polypeptides 220 

stereograms of ribbon diagrams 222 
stereograms of chlorophylls and luteins 222 
regulatory roles 224 
grana stacking 224 
excitation-energy distribution 225-8 
ribbon diagrams of LHC-H trimer 223 
role of lipids 224 
hydropathy plot 218 
initial discovery 218 
monomer subunit polypeptide 218-220 
molecular weight 218 

list of topics on photosystem II and oxygen evolution 
211 

location in the grana 26-30 
optical spectroscopy of secondary electron donor 
397-405 

Absorbance changes due to Y^ oxidation 401-5 
difference spectrum of [Y^LYJ 403-4 
direct measurement 401-3 
indirect measurement 404-5 
kinetics of Y^ oxidation by P680' 401 
early microsecond kinetic studies 398-9 
effect of positive charges on S-states on P680* decay 
kinetics 399-401 

schematic representation of electron transfers 397 
Pheophytin ((P) intermediate electron acceptor 305-320 
activation energy for charge recombination in 

lP680’a>-j3lO 

charge recombination 306, 309-310 
fluorescence lifetimes, prompt and delayed 309 
fluorescence quenching by light in [P680-cp]O" 

306-7 

interaction between <I)“ and PQ'-Fe^'' 311-3 
EPR spectrum 311 

microwave power dependence of singlet and 
doublet spectrum 311 
effect ofPQ extraction 312 
effect ofFe removal 312 
origin of doublet EPR signal 311-3 
doublet EPR signal amplitude v^. o-phenanthroline 
and LiCIO^ concentrations (plot) 3 1 1 
in PS I-less mutant of C. reinhardtii 313 
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Photosystem II (PS II) (continued) 

Pheophytin (tj)) intermediate electron acceptor (continued) 
photoaccumulation of 0“ 305-8 

ahsorption-change difference spectrum 307 
difference spectrum from 4-ns AA transients 309 
extinction coefficient 308 
in spinach TSFIIa particles 307 
in oxygen-evolving P. laminosum PS-II particles 
307 

nano- and pico-second ahsorption-change kinetics 
309 

pico- and suhpico-second kinetic measurements 
316-320 

in sample with pre-reduced C> 317 
time-resolved absorption spectra at 7 K 319 
recovery ofO' in open and closed RCs 317 
transient changes at 820 and 674 nm using 
500-femtosecond excitation flash 318 
“recombination” luminescence 306, 309-310 
redox potential 313-5 

from light-induced O-reduCtion signal amplitude 
315 

from light-induced triplet-signal amplitude 315 
reduction kinetics hy fluorescence-yield changes 
307 

reduction kinetics by absorption changes 307 
schematic representation of reaction sequence 
305,310 

Photoinhibition (or photodamage) 277-287 
cytochrome bS59 See under Cytochrome bS59 
chemical and electrochemical properties 282-3 
model for the protective role of Cyt b559 286-7 
histidine imidazole rings, orientation of 283 
photooxidation 285-6 
photoreduction 284-6 

Dl/D2/Cyt bS59 as an in vitro experimental system 
278-281 

degradation of D1 protein during photoinhibition 
280-1 

effect of highly oxidizing P680’' 277-9 
effect of singlet oxygen 278-9 
pathways leading to photoinhihition in PS II 278-280 
acceptor-limited pathway (in vitro) 278-9 
donor-limited pathway (in vitro) 278-9 
Photosystem organization 16-9 
general consideration 16-9 
Place in the Z-scheme 23-30 
Primary (stable) electron acceptor (Q^) 289-303 
binding sites ofQ^, Qj^and Fe 299 
fluorescence-yield changes 291 
ns reduction kinetics and difference spectrum for the 
<1) Q-XP Q" reaction 320 
photoreduction 291-4 
AA{[P680*-P680]-IQ^ -QJ} 291-3 
net ahsorhance changes (AA[Q^‘-Q^J) 292-3 
ferri/ferro-cyanide intervention in the presence of 
Tris and DCMU 293-4 



Photosystem II (PS II) (continued) 

Primary (stable) electron acceptor (Q^) (continued) 
plastosemiquinone-nonheme iron complex 297-300 
EPR spectrum 298 
nonheme iron binding site 297-8 
reaction-sequence model 289 
redox potential 294-5 

artifact caused by neutral red as a redox mediator 
294 

determined by fluorescence titration 295 
operating potential (for transition) 295 

structure model for reaction sequence 289 
Primary electron donor (P680) 271-287 

computer modeling of protein folding patterns 203 
electrochemical properties 277 
electron donor (Y^) to P680* See Photosystem II/ 
electron microscopic image analysis 206-211 
electron transfer sequence 271 

value of [P680VP680]^ estimated 277 
encoding genes, molecular mass and functions 201 
amino-acid sequences of D1 and D2 proteins 202-5 
excited-state risetime and decay time 317 
monomer/dimer question 276 
P680/<P ratio 308 
photooxidation 272-7 

ahsorhance changes 272-4 
EPR spectrum changes 275-6 
protein components and organization 199-211 
PSII/LHCII supercomplex 207-211 

EM projection map for the spinach complex 208 
EM projection mnap for the cyanobacteial complex 
208 

electron-tunneling microscopic imaging 209-211 
electron tunneling spectroscopy 210 
isolation 207-9 

reaction-center complex 202-211 
amino-acid sequences 202-5 
protein-folding patterns 203-5 
three-dimensional structure 205-2 1 1 
ribbon model - 205-6 

electron-microscopic image analysis 206-9 
electron-tunneling microscopic imaging 209-211 
reaction-center complex in photosynthetic membrane 
202-211 

listing of major known protein complexes 201 
three-dimensional structure 205-7 
rihbon model 206-7 

Secondary electron acceptor (Qg) 289-303 
ahsorhance change, binary oscillation 297 
binding site 295 

electron and proton transfer sequence 296 
herbicide-binding D1 protein 299-303 
DCMU301 
o-phenanthroline 301 
terbutryn301 

modeling herbicide binding with a Q^-less Rp. 
viridis reaction center 300-3 
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Photosystem II (PS II) {continued) 

Secondary electron acceptor (Q^) (continued) 
with wild- type reaction centers 301 
with Y222— >F mutant reaction center 301 
effect on EPR of the complex 302-3 

proton uptake, binary oscillation 297 
reduction by Q^" 295-7 
semiquinone and doubly reduced quinol 296 
structure model for reaction sequence 289 
two-electron gate 295-7 
Phycobilin (chromophore) 12, 253-5 

links to polypeptides 12, 253 See phycobiliprotein 
molecular structure 12, 253 
Phycobiliprotein 253-260 
a- and P-subunits 254-5 
absorption spectra 257 
crystal structure 257-260 
fluorescence spectra 257 
hexamer(ap)^ 254-260 
monomer(aP) 254-8 
trimer (aP), 254-260 
spectral property 254-257 
structure 254-260 
Phycobilisome 17, 260-268 
assembly 252 
composition 259-260 
core 259 

electron micrographs 252 
energy transfer 262-264 
energy transfer among chromophores 266-8 
time-resolved fluorescence spectra 267 
isolation 251, 261 
linker polypeptide (L) 260-264 

L(,|^ (subscript CM=core to thylakoid membrane) 261 
L^, (subscripts R=rods and RC=rod to core) 261 
Lj, (subscript C=present in core) 261 
mechanism of assembly of rods and linker polypeptides, 
schematic representation 262 
membrane model 252 
morphology 252 
MorschelPs symbols 262-4 
rod-core complex 263 
schematic representation 251 
spatial structure (in Anabaena variabilis) 262-4 
spectral properties 264-8 

absorption and fluoresccence emission spectra of 
P. cruentum and A. nidulans 265 
Plastocyanin (PC) 37, 605-621 
absorption spectrum 606 
electron-transfer reactions 609-612 
different effects of salts and sorbitol on PC oxidation 
and reduction 610-2 

" , effect of charge compensation and osmolarity 

609-610 

electron donation by Cyt/to PC 611 
electron transfer rates with wild-type and PsaF-deleted 
PS-I complexes 616-7 



Plastocyanin (PC) (continued) 

interaction of PC with cytochrome/618-621 

effect of altered amino acids in the hydrophobic and 
acidic regions 612-3 

model showing the PC-Cyt/ pre-docking stage 620 
stereogram of a structural model for a transient electro- 
static complex between PC and Cyt/ 620-1 
interaction of PC with PS-1 reaction center 612-7 
docking model for electron transfer to P700'*' 616 
effect ofllgClj andKCNon P700’^ reduction 608, 610 
location in the lumen 38, 605 

model showing interactions between PC and P700 and 

PsaF during electron transfer 616 

multiple decay phases of PC oxidation by P700^ 609-610 

occurrence 38, 605-6 

redox potential 608 

replacement by Cyt c552 under Cu-deficiency 420, 606 
role of PsaF in electron transfer from PC to P700^ 613-5 
structure 606-9 
amino-acid sequence 607 
folding pattern of the (1-strands 607 
stereogram of ligands surrounding Cu-atom 607 
stereogram of the “eastern” negative patch 608-9 
three-dimensional structure 607 
Protein complexes 32 see Chloroplast/thylakoid 

location, genetic origins, molecular masses and attributes 
32-5 

Protein components of ATP synthase (table) 34 
Protein components of Cytochrome by( table) 34 
Protein components of LHC II (table) 34 
Protein components of photosystem I (table) 33 
Protein components of photosystem II (table) 33 
Proton pump 700-707 Also see ATP synthesis 
an artificial proton pump 703-7 

charge separation in triad: Q-P-C— »Q‘-P-C7 704-5 
constructed of a molecular “triad” in liposome 703-5 
diffusible or shuttle (s) quinone (Q^) [2,5-diphenyl- 
benzoquinone] 704-5 

dissipation of proton gradient by FCCP 704 
evidence for proton pumping 704-5 
linear ATP yield vi. irradiation time 706 
orientation of triad in liposomes 705 
photophosphorylation assayed by oxyluciferin 706 
pyraninetrisulphonate serving as a “pH counter” 704 
schematic representation of coupled photophosphory- 
lation 706 

schematic representation of triad reaction cycle 705 
triad (naphthoquinone-porphyrin-carotenoid [Q-P-C]) 
704-5 

proton pump containing bacteriorhodopsin 703 
Halobacterium halobium (salinarium) 700 
“purple patches” (purple membrane) 702 
retinal (the chromophore) 702 
structures of cis- and traws-retinal 702 
cis-to-trans configurational change cycle in retinal 702 
relation to deprotonation and reprotonation 702 
liposomes reconstituted with bacteriorhodopsin and 
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Proton pump (continued) 

ATP synthase (schematic representation) 703 
light-induced proton translocation and ATP synthesis 
(schematic representation) 703 



Q 

Quinones (plastoquinone, ubiquinone, phylloquinone, etc.) 
32 

Quinones, molecular structure 36 



R 

Radiationless deactivation 5 
Reaction centers and light-harvesting complexes 
See Photosynthesis/modern concepts 
Redox-active amino acids 34 
molecular structure 36 

Rieske iron-sulfur protein 35 See Cytochrome bj^ 

s 

Solar energy and photosynthesis 1-3 
Stroma lamellae 19-21 
morphology by electron microscopy 26-9 
role in photosynthesis 19-20 
Supramolecular complexes See. Chlorosomes, 

Phycobilisomes, Xanthosomes, PS-II RC/LHC II, etc. 



T 

Thermoluminescence 407 -417 
definition 407 

energetics - energy barrier/charge recombination scheme 
407-9 

glow curves See thermoluminescence hands 
idealized thermoluminescence profile 410 
themoluminescence bands 409-416 

A band originating from Sj'Q^ ' recombination 415-6 
band originating from Y^*’Q^ recombination 415-6 
assignment of bands to recombination (summary) 411 
B, band originating from Sj'Q^ recombination 412 
band originating from Sj-Q^" recombination 412 
bands from mature and greening leaves 410 
bands produced without illumination 410 
C band originating from recombination 410-1 

description of various bands 409 
effect of ADRY agents on B| and B^ bands 414-5 
effect of DCMU on B band 414 
historical labeling of bands 409 
periodicity-of-four B-band thermoluminescence 413 
potential applications to photosynthesis research 
(a summary) 416-7 



Thermoluminescence 407-417 (continued) 
Rhodopseudomonas viridis 407 
“sequential stahilization of Sj and by two-step 
illumination at different temperatures” 416 
split peak due to phase transition near 0 “C 413-4 
thermophilic Synechococcus vulcanus 414 
Z band 416 

Zyband due to P680^-Q/^~ recombination410-l 
Thylakoid membrane See Chloroplast/ 

Transient intermediate electron acceptor See Photosystem II/ 



u 

Ubiquinone 

electron acceptors in photosynthetic bacteria 101-128 
molecular structure in different states of reduction and 
protonation 102-3 

photoinduced difference spectrum in vivo 104 
proton pumps See Proton pumps 
Uncouplers (schematic representation) See ATP synthase/ 



V 

Van Niel’s formulation ofphotosynthesis, 
as an oxidation-reduction reaction (1931) 13-4 
Also see Photosynthesis/modern concepts 



w 

Willstatter-Stoll-Warburg theory ofphotosynthesis 13 
Also see Photosynthesis/modern concepts 



X 

Xanthosomes 18,233-9 

X-ray absorption spectroscopy - an overview 344-5 

Y 

Yeda press 30 

Yz (Tyrz , or Z) See Photosystem 1 1/electron donor to P680^ 
redox activity in water splitting 34, 36 
donor to P680*^ (scheme) 39 



z 

Z-scheme formulation of Hill and Bendall 23-6 
opposing effect of red and far-red light 24-6 
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